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ABSTRACT OF THE DISSERTATION

The Effect of Environmental Stressors on Voluntary Wheel Running

by

Elizabeth Maureen Dlugosz

Doctor of Philosophy, Graduate Program in Evolution, Ecology, and Organismal Biology

University of California, Riverside, December 2012

Dr. Mark A. Chappell, Chairperson

Locomotion is an integrative trait, critical for aspects of Darwinian fitness in

many organisms.  Selection resulting from locomotor demands can greatly influence

morphology, physiology, and behavior.  Locomotion can be energetically costly, and

locomotor performance involves the function of many underlying physiological systems.

When organisms are faced with multiple energetic demands, it is reasonable to expect

trade-offs related to energy allocation.

My dissertation research investigated the effects of environmental stressors on

exercise.  Using four unique High Runner (HR) lines of mice (Mus domesticus) bred for

voluntary wheel running, my first chapter investigated a hindlimb ‘mini-muscle’

phenotype that increased in frequency in response to selection in two of four selected

lines.  As compared with normal HR mice, mini-muscle individuals ran as much on

wheels, but had reduced sprint speed, suggesting a trade-off with stamina, and,

unexpectedly, a higher cost of transport.
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My second chapter investigated the response to a mammalian endoparasite

(Trichinella spiralis) in HR and non-selected control mice, particularly possible trade-

offs between wheel running and immune function.  Contrary to our expectations, HR

mice apparently did not have an important reduction in immune function.  Moreover, our

results suggest a similar response to infection in both HR and control mice.

My third dissertation chapter examined the physiological, morphological and

behavioral correlates of circulating corticosterone (a steroid “stress” hormone) levels in

captive-bred California mice (Peromyscus californicus), a species that has unusually high

corticosterone levels.  Contrary to expectations based on the role of corticosteroids in

energy metabolism, we found surprisingly few statistically significant relationships at the

level of individual variation, suggesting that corticosterone is not always a critical

contributor to voluntary exercise behavior or exercise performance.  However, we did

find differences in correlations between the sexes.

My final chapter analyzed the upper limit to aerobic metabolism (V
.
 O2max) during

maximal locomotor exercise for 77 species of mammals. V
.
 O2max is a physiologically

and ecologically relevant trait for many animals, and it is generally considered to be the

single best indicator of cardiopulmonary function and capacity for sustained intense

exercise.  Using conventional and phylogenetic statistics, we estimated allometric scaling

exponents and demonstrated phylogenetic signal in mass-adjusted V
.
 O2max.

Together, these results point to the importance of understanding the complex,

integrative physiological mechanisms contributing to exercise physiology and the limits
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to performance.  Moreover, they drive home the importance of both evolutionary history

and adaptation in response to natural selection as contributors to behavior and whole-

organism performance.
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DISSERTATION INTRODUCTION

Locomotion

Locomotion is essential for critical life history functions such as defending

territories, finding mates and food, migration, and escaping from predators.

Mechanistically, it is a highly integrative trait requiring many organ systems to work well

at high intensities to produce a high running performance.  Therefore, locomotor

performance is indicative of the function of many underlying physiological systems

(musculoskeletal, cardiovascular, etc).  Many facets of locomotion are known or are

intuitively assumed to affect Darwinian fitness (e.g. speed, acceleration, endurance,

maneuverability, metabolic costs) and these factors are expected to vary among species.

Because locomotion is vital in such fitness-critical traits as prey capture or escape from

predators, we expect selection to affect maximum locomotor performance (maximum

running speed or endurance, etc), and hence, the subordinate physiological traits that

support the upper limits to running (muscle contractile properties, oxygen consumption,

cardiac output, etc).  As such, locomotion greatly influences physiology, morphology,

and behavior.

Numerous studies using a variety of analytical approaches have estimated the cost

of locomotion as a percentage of daily energy expenditure (DEE) in terrestrial tetrapods.

Estimates range from as low as 1% to greater than 40% of DEE (Garland, 1983; Kenagy

and Hoyt, 1988; Karasov, 1992; Rising et al., 1994; Ricklefs et al., 1996; Gorman et al.,

1998; Koteja et al., 1999a).  Obviously, depending on how much of the DEE is devoted

to locomotion, there may be ecological and evolutionary ramifications.  If that fraction is
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large, then locomotion is more likely to be selected upon to become less energetically

expensive (or more efficient).

Numerous studies in a large array of mammals have used forced exercise to

investigate energy requirements and performance abilities (for example, Pasquis et al.,

1970; Seeherman et al., 1981; Taylor et al., 1980; Taylor et al., 1982; White et al., 2008).

Forced exercise may be stressful because subjects are not able to control speed and

duration (Brown et al., 2007) and this could also influence energy costs.  However,

studies investigating voluntary exercise are limited despite the idea that voluntary

exercise may be more ecologically relevant than forced exercise (Dewsbury 1980).

Forced exercise tests typically occur at constant speeds for extended periods, unlike most

running in nature, which involves many different speeds and short, intermittent durations.

Locomotion and environmental stressors

One common theme of locomotor physiology studies is the energy allocation

between locomotion and other costly traits (for example, reproduction or

thermoregulation).  Environmental stressors (e.g. temperature, food availability,

pathogens) are often associated with increased energy demands and can influence

behavior, performance, and physiological limits.  Generally, it is assumed that responses

to a stressor are adaptive, and in part may help meet the increased energetic needs of

living in a stressful environment.   Since running is energy intensive, it seems reasonable

to expect that an animal may not be able to simultaneously deal with environmental

stressors and intense running, leading to decreased running performance or other
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‘competing’ functions.  In other words, we assume that some kind of energy allocation

trade-off may be necessary when an animal is faced with more than one energetically

costly demand.

Numerous natural environmental stressors may be energetically expensive to deal

with and could affect duration or intensity of exercise (i.e. food availability, climate and

weather conditions, predation, pathogens or parasites, oxygen and heat balance).  To deal

with stressors, animals can adjust behavior, morphology, physiology, and biochemistry

within a single lifetime (acclimation; phenotypic plasticity) or via genetic change over

generations (Darwinian adaptation).  One problem commonly encountered when

attempting to make overall conclusions concerning stress responses is that organisms do

not typically respond in an all-or-none fashion.  Additionally, there is normally an

enormous variation in stress responses and, quite often, organisms do not exhibit the

expected, intuitive response to stressors (for example, Chappell and Dlugosz 2009).  As

such, we are simply left to assume that some animals will be affected by some stressors

at some level (e.g. performance, physiology, morphology, biochemistry).

The overall goal of this dissertation is to investigate the interaction between

stressors and locomotion in the form of four independent studies presenting various

whole-organism metabolism, physiology, and behavior measures.

Study systems

All four chapters of this dissertation make use of rodents as a study system.

Rodents have been extensively studied, often because they share common genetic and



4

phenotypic variations seen in human populations.  Additionally, rodents are good

organisms to use in the study of voluntary locomotion for a number of reasons.  First,

most rodents are cooperative and willing subjects in a number of different exercise

protocols (using running wheels, treadmills, mazes, pools, etc).  Second, because rodents

are so extensively studied, a number of different protocols, tests, and assays have been

developed specifically for use with them, which allows for convenient comparison of

results.  Lastly, rodents are found in most terrestrial environments and show a number of

different forms of adaptation or acclimation depending on the selective pressures of a

given environment.  Two different rodent study systems are used in this dissertation.

House Mice (Mus domesticus)

The first two chapters of this dissertations use mice (Mus domesticus) from an

ongoing selection experiment started by Dr. Theodore Garland, Jr. and colleagues

(originally described in Swallow et al., 1998).  Artificial selection for high voluntary

wheel running was started with mice from an outbred ICR Harlem Sprague Dawley

population (Indianapolis, Indiana, USA).  This experiment is designed such that there are

two linetypes (high runner and controls) and four lines nested within each linetype.  Ad

libitum food and water are always available and the light cycle is 12L:12D.

Briefly, in each generation mice are weaned at 21 days of age.  At 6-8 weeks old,

mice are exposed to voluntary running wheels (rat-sized wheels; 1.12 m circumferences),

which are attached to standard housing cages.  Mice can choose to run in the wheel or

stay in their cage.  In other words, all of their wheel running activity is completely
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voluntary.  Breeders for the next generation are chosen based on the selection criterion of

revolutions run on days 5 and 6 of a 6-day test.  Control lines are also allowed wheel

access, but control breeders are chosen randomly.  No sibling matings are allowed.

These 8 lines of mice have been studied for nearly 70 generations as of August

2012.  However, by generation 16, high runner mice had reached an apparent limit in

their wheel running.  High runner mice run, on average, 2.5-3 times more than control

lines.  Since generation 16, that difference has not increased despite continued selection

(Rhodes et al., 2000).

Wheel running differences between S and C lines may be the result of a genetic,

physical (i.e. body mass), and physiological factors (i.e. V
.
 O2max) (Koteja et al., 1999;

Rezende et al., 2005).  Extensive previous work with these mice shows that a number of

variables affect voluntary running, including sex, age, line, and linetype; these are

included as necessary as cofactors in analyses.  The S mice have changed in morphology,

physiology, and biochemistry as well as whole-organism performance and behavior

(Swallow et al., 2005; Kelly et al., 2006; Rezende et al., 2006).  For example, two

selected lines show increased frequency of an allele producing a ‘mini-muscle’

phenotype (Garland et al., 2002; Houle-Leroy et al., 2003; Syme et al., 2005) which is

further investigated in chapter one.

California Mice (Peromyscus californicus)

Chapter three of this dissertation uses a captive-bred, laboratory-reared population

of California mice (Peromyscus californicus) started and maintained by Dr. Wendy
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Saltzman and colleagues.  Though not as heavily studied as some other rodents,

California mice are interesting for a number of reasons including a monogamous mating

system and extensive male parental care.  This population of California mice has been

used in a number of studies exploring endocrinology, stress response, and reproduction

(De Jong et al., 2009, 2010; Chauke et al., 2011; Harris et al., 2011).  For the purposes of

my study of corticosterone effects, California mice were a good model system because

they have high baseline corticosterone concentrations and extremely dynamic diurnal

corticosterone rhythms (or, large individual variation).  Corticosterone is a commonly-

studied steroid hormone produced by the adrenal cortex and is considered to be important

for glucose regulation, energy balance, and fueling activity.  Additionally, corticosterone

can help an organism prepare for subsequent energetic challenges and enhance an initial

response to future stressors (Sapolsky et al., 2000).

Dissertation Chapters

The first dissertation chapter explores predicted locomotor trade-offs in mice that

have been selectively bred for high voluntary wheel running.  A classic example of

locomotor trade-offs is seen in the comparison of endurance exercise and sprinting.

Particularly in animals that devote a significant portion of their daily energy budget to

exercise, it is reasonable to assume that natural selection may act to increase locomotor

efficiency and performance abilities.  One common way assess the energetics of

locomotion is with the cost of transport, or the energy required to move a unit mass a unit

distance.  One adaptive change that may be seen in organisms facing natural or artificial
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selective pressures to increase locomotion is a ‘cursorial’ morphology in which muscles

are more proximally located and distal limb segments are lightened to maximize

locomotor efficiency.  Briefly, ‘mini-muscle’ mice have a triceps surae mass that is

reduced by 50% and a mitochondrial density that is roughly doubled.  In other words,

their triceps surae is half the size of a normal muscle with the same oxidative capacity or

aerobic potential as a normal muscle.  At first glance, the ‘mini-muscle’ morphology seen

in two (of four) high-runner lines of mice resembles the lightened limbs seen in highly

cursorial species.  As such, we may expect to see a trade-off between endurance and

sprint speed in ‘mini-muscle’ mice.  Chapter one explores potential trade-offs in ‘mini-

muscle’ mice by examining voluntary wheel running, cost of transport, and sprint speed.

Chapter two examines the trade-offs between high voluntary wheel running

behavior and immune function.  Most animals are forced to allocate limited resources

among potentially competing functions, and both wheel running and immune function are

potentially costly.  When immune function is upregulated in response to a stressor, less

energy may be available for voluntary wheel running.  We infected mice with an

ecologically relevant mammalian nematode, Trichinella spiralis.  This parasite was

chosen for a number of reasons; T. spiralis has been extensively studied, its life cycle

includes well-defined acute and chronic infection phases, and T. spiralis larvae encyst in

skeletal muscle of hosts, which could impact locomotion.  Before and after infection we

measured voluntary wheel running behavior and maximum oxygen consumption

(V
.
 O2max) during forced treadmill exercise.  Additionally, we assayed Immunoglobulin E

levels and final infection intensity.  Our overall goal was to determine the effect of a



8

common mammalian parasite on morphology, behavior, performance, and immune

function in high runner and control mice.

Chapter three explores the relationships among aerobic physiology, locomotor

behavior, and corticosterone (CORT) in California mice.  Because these mice have

particularly high baseline CORT levels as compared to most other rodents and CORT is

important in glucose regulation and energy metabolism we hypothesized that individual

variation in baseline circulating CORT levels would correlate with individual differences

in energy expenditure, aerobic physiology, voluntary wheel running, and organ masses.

The fourth chapter of this dissertation takes a broad interspecific view of maximal

aerobic performance in mammals.  It makes use of previously published studies as well

as newly collected data.  We reviewed the literature to find mammalian exercise-induced

maximal oxygen consumption (V
.
 O2max) values. V

.
 O2max, or the upper limit to aerobic

metabolism, is a physiologically and ecologically relevant trait for many animals, and

previous studies have examined mammalian V
.
 O2max in a wide range of taxa.  However,

previous studies have only used conventional statistics to compare V
.
 O2max among

species (Weibel et al., 2004; White and Seymour 2005; White et al., 2008), which fail to

account for the evolutionary history or relatedness of the species being considered

(Garland and Ives 2000; Blomberg et al., 2003; Garland et al., 2005).  In this study, we

compiled V
.
 O2max data from the literature and added considerable new data, mainly for

rodents (including very large species; the capybara and agouti) and also for weasels and a

small South American marsupial.  The goal of this study was to to estimate scaling
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exponents for V
.
 O2max and test for phylogenetic signal (the tendency for related species

to resemble each other).  We also tested the effects of captivity and of test methods

(treadmills versus wheels).
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SUMMARY

We investigated sprint performance and running economy of a unique "mini-

muscle" phenotype that evolved in response to selection for high voluntary wheel running

in laboratory mice (Mus domesticus).  Mice from four replicate selected (S) lines run

nearly three times as far per day as four control lines.  The mini-muscle phenotype,

resulting from an initially rare autosomal recessive allele, has been favored by the

selection protocol, becoming fixed in one of the two S lines in which it occurred.  In

homozygotes, hindlimb muscle mass is halved, mass-specific muscle oxidative capacity

is doubled, and medial gastrocnemius exhibits about half the mass-specific isotonic

power, less than half the mass-specific cyclic work and power, but doubled fatigue

resistance.  We hypothesized that mini-muscle mice would have a lower whole-animal

energy cost of transport (COT), due to lower costs of cycling their lighter limbs, and

reduced sprint speed, due to reduced maximal force production.  We measured sprint

speed on a racetrack and slopes (incremental COT, or iCOT) and intercepts of the

metabolic rate vs. speed relationship during voluntary wheel running in 10 mini-muscle

and 20 normal S-line females.  Mini-muscle mice ran faster and farther on wheels, but for

less time per day.  Mini-muscle mice had significantly lower sprint speeds, indicating a

functional trade-off.  However, contrary to predictions, mini-muscle mice had higher

COT, mainly due to higher zero-speed intercepts and postural costs (intercept - resting

metabolic rate).  Thus, mice with altered limb morphology after intense selection for

running long distances do not necessarily run more economically.
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INTRODUCTION

For most animals, the ability to move through the environment is fundamental to

many fitness-critical functions, including defending territories, finding mates and food,

migration, and escaping from predators.  Mechanistically, locomotion is a complex,

highly integrative, whole-animal trait that incorporates numerous organ systems (e.g.

circulatory, muscular, nervous, sensory, respiratory, skeletal; Swallow et al., 2009).

From an ecological and evolutionary perspective, two very important elements of

locomotion are energy costs and performance abilities (e.g. speed, stamina, agility).

Locomotion may be energetically expensive, and whether a large or small portion of the

daily energy budget is spent on activity, the expense of locomotion can affect behaviour

(particularly in animals that travel extensively).  Aside from energy costs, the limits to

locomotor performance constrain an animal’s ability to perform many behaviours.

Accordingly, it is reasonable to assume that, in many circumstances, selection may favor

an increase in both locomotor economy and certain aspects of performance.

A common measure used to assess the energetic costs of locomotion is the ‘cost

of transport’ (COT), which depicts the energy required to move a unit distance.  When

comparing animals that vary in body size, COT is commonly expressed on a mass-

specific basis, thus indicating the energy required to move a unit mass a unit distance,

and larger animals generally have lower mass-specific COT (e.g. Taylor et al., 1970,

1982; John-Alder et al., 1986).  In most terrestrial runners, transport costs include two

components.  One is the energy cost associated with movement per se, usually defined as

the regression of metabolic power (e.g. oxygen consumption) on running speed.  This is
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called the incremental cost of transport (iCOT).  For many runners, the speed versus

power relation is linear, so the iCOT is independent of speed (Taylor et al., 1970, 1982;

John-Alder et al., 1986).  In addition to iCOT, the second cost associated with locomotion

is the ‘postural cost’, manifested as an elevation of the zero-speed intercept of the speed

versus power relationship above resting metabolic rate (Taylor et al., 1970, 1982; John-

Alder et al., 1986).  Selection to reduce COT could affect iCOT, postural costs, or both.

All else being equal, a reduced COT will decrease the energy requirements of locomotion

at a given speed, and, therefore, increase the maximal aerobic speed (the highest speed

that can be powered by aerobic pathways) and hence endurance.

A long-term selection experiment (Swallow et al., 1998, 2009) that includes four

replicate lines of mice bred for high levels of voluntary wheel running and four non-

selected control lines provides a good system to examine whether costs associated with

running may change as a result of intense selection on running behaviour.  On a daily

basis, mice from the selected (S) lines run 2.5-3.0-fold farther than control mice, and the

increased distance is mainly accomplished by higher running speeds (Koteja et al., 1999;

Rhodes et al., 2000; Girard et al., 2001; Rezende et al., 2005, 2009).  As a group, the four

replicate selected lines show a diverse suite of morphological, biochemical,

physiological, and behavioural differences from the four non-selected control lines (e.g.

Swallow et al., 1999; Girard et al., 2001; Garland and Freeman, 2005; Kelly et al., 2006;

Bilodeau et al., 2009; Rezende et al., 2009; Swallow et al., 2009).

One dramatic response to the selection regimen has been an increase in frequency

of the ‘mini-muscle’ phenotype, characterized by a 50% reduction in hindlimb muscle
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mass and inherited as a Mendelian recessive (Garland et al., 2002; Houle-Leroy et al.,

2003; Hannon et al., 2008; Hartmann et al., 2008; Middleton et al., 2008).  Within the S

lines, one has become fixed for the mini-muscle phenotype, a second remains

polymorphic, and the other two lines apparently lost the mini phenotype by random

genetic drift during early generations of the experiment.  Fitting with population genetic

models indicates that mini-muscles have been favored by the selection protocol (Garland

et al., 2002), but the reason for this is as yet unclear.

Although mini-muscle individuals tend to run faster on wheels than those with

normal muscles, they do not consistently run further on a daily basis (Garland et al.,

2002; Kelly et al., 2006; but see Syme et al., 2005; Hannon et al., 2008; Gomes et al.,

2009).  Nevertheless, the mini-muscle trait might provide an advantage in terms of

endurance capacity during voluntary running.  The reduction in limb mass in these mice

is reminiscent of the thin, lightweight limb morphology seen in ‘classical’ cursorial

mammals, such as deer and antelope (references in Garland and Freeman, 2005; Kelly et

al., 2006).  Although much of the cost of cursorial locomotion seems to involve

supporting body mass (e.g., Fedak et al., 1982; Heglund et al., 1982), the kinetic energy

of limb motion can be a substantial fraction of total energy expenditures during running

(e.g., Martin, 1985; Claremont and Hall, 1988).  Accordingly, we hypothesized that the

lighter limbs of mini-muscle individuals should reduce the energy cost of limb cycling

during locomotion, and hence improve running economy.  Moreover, studies of isolated

medial gastrocnemius demonstrate increased fatigue resistance of mini-muscles (Syme et

al., 2005), which may be related to altered enzyme activities, including twice the mass-
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specific aerobic capacity of normal mice in mixed hindlimb muscle (Houle-Leroy et al.,

2003; Guderley et al., 2006), a shift toward slower myosin heavy chain isoforms

(Guderley et al., 2006, 2008; McGillivray et al., 2009), and increased capillarity (Wong

et al., 2009).  Beyond this, mini-muscle individuals have significantly longer and thinner

femora and tibiafibulae (with no difference in bone masses), larger heart ventricles, and

increased maximal oxygen consumption when measured in hypoxia (Garland et al., 2002;

Swallow et al., 2005; Kelly et al., 2006; Rezende et al., 2006a).

In the present study, we measured energy costs of voluntary running and the

maximal forced sprinting performance in S mice from three lines, one fixed for mini-

muscles and two that do not exhibit the trait.  We hypothesized that iCOT would be lower

in mini-muscle mice as compared to normal mice because a smaller muscle (a reduction

in hindlimb mass) would reduce the cost of cycling the leg.  Reducing the energy

required for contraction cycles may further contribute to increased resistance to fatigue

(Syme et al., 2005), substantial energy savings, and enhanced sustained running ability in

mini-muscle mice.

We also hypothesized that maximal sprint speeds would be lower in mini-muscle

mice versus normal mice because the former have a smaller and slower medial

gastrocnemius as well as thigh muscle reduced in mass by ~50%, which should result in

reduced maximal power output and force production during sprinting.  Compared to

normal mice, mass-specific maximum power output of the medial gastrocnemius in mini

mice is reduced by about half during isotonic shortening and by about 50-80% during

cyclic contractions (Syme et al., 2005).  Further, considering the reduced mass of the
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gastrocnemius in mini-muscle mice, the absolute power from this muscle that is available

for running is reduced to 10-20% of that in normal mice (Syme et al., 2005).  We

anticipated that this reduction in power would be more detrimental to sprinting ability

than potential enhancements from possessing longer hindlimbs (Kelly et al., 2006).

MATERIALS AND METHODS

Animals and experimental protocol

We studied mice (Mus domesticus) from generation 46 of an ongoing artificial

selection experiment for high voluntary wheel running, which includes four selected (S)

lines (lab designations 3,6,7, and 8) and four control (C) lines (lab designations 1,2,4 and

5).  The S lines include the highest-running males and females from each family as the

breeders for the next generation (determined from highest number of revolutions run on

days 5 and 6 of a 6-day period of wheel access).  In the C lines, breeders are chosen at

random from within each family (Swallow et al., 1998).

In each generation, mice are housed four per cage from weaning (21 days of age)

until the period of selection (6-8 weeks of age), at which time they are housed with wheel

access for six days (circumference = 1.12 m).  Ad lib food and water were provided.

Animals were held on a 12L:12D photoperiod (light from 7:00am to 7:00pm).  Daily

wheel activity was recorded with a computer.  The thirty females used in this experiment

were sampled from S lines 3, 7, and 8.  All line 3 mice show the mini-muscle phenotype,

but it is absent from lines 7 and 8.
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Following the routine 6-day wheel test as part of the regular selection protocol,

mice were housed four per cage and later allowed access to running wheels (the same

wheels used for the selection protocol) for five days before being measured in

respirometry wheels enclosed in metabolic chambers (design shown in Fig. 1 in Chappell

et al., 2004).  Age at the start of these respirometry trials averaged 137 days (range = 123-

147).  Briefly, the wheel chamber consisted of a Plexiglas
©
 enclosure containing a

running wheel (1.12 m circumference) attached to a standard housing cage supplied with

bedding, a food hopper containing rodent chow, and a drinking tube.  Each wheel

enclosure was equipped with an internal fan to circulate air and a small generator that

served as a tachometer and transduced wheel speed and direction into electrical signals.

Mice were placed in wheel chambers at about 11:30 am (i.e. the middle of the normally

resting phase of the daily activity cycle).  Oxygen and carbon dioxide concentration, flow

rate, temperature, and wheel speed were measured over a 23.5 hour period and recorded

on a Macintosh computer equipped with LabHelper software (Warthog,

http://www.warthog.ucr.edu).  Air flow was maintained at 2,500 ml/min with Porter

Instruments mass flow controllers (Hatfield, Pennsylvania, USA) and 2.5 minute gas

reference readings were obtained every 45 minutes to control for any baseline drift in the

gas analysers.  Excurrent air was subsampled at about 100 ml/min, dried with magnesium

perchlorate, and directed to an oxygen analyzer (Oxilla, Sable Systems, Henderson, NV,

USA) and carbon dioxide analyzer (CA-2A, Sable Systems).

After the wheel test, mice were chased along a photocell-lined racetrack to

determine apparent maximal sprint speed, following standard procedures for small
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rodents (Djawdan and Garland, 1988; Garland et al., 1988; Friedman et al., 1992; Dohm

et al., 1994; Garland et al., 1995; Dohm et al., 1996).  Wheel measurements and sprint

speed were, on average, 11.3 days apart.  The track was six-meters in length with 12

photocells spaced at 0.5 m intervals, and a width of 7.5 cm.  Substrate was a textured

rubber conveyor belt material that provided excellent traction.  Sprint speed was

computed from time elapsed between successive photocell stations, and the fastest one-

meter interval (three adjacent photocells) was recorded for each run.  A subjective

behavioural score (five categories from ‘poor’ to ‘excellent’) of running effort was also

recorded for each mouse.  This was used to assess each mouse’s motivation to run.  Five

trials were done on each of two consecutive days to assess repeatability.  The single

fastest one-meter interval for each individual was used as its maximum speed.

Calculation of O2 and CO2

We assumed a constant respiratory quotient (RQ) of 0.85 (based on measurements

from Chappell et al., 2004) and calculated oxygen consumption (V
.
 O2) as:

V
.
 O2 =  V

.
  (FiO2–FeO2) / [1–FeO2 (1–RQ)]

where   is the flow rate, FiO2and FeO2 are fractional incurrent and excurrent oxygen

concentrations, respectively.  In order to avoid either frequent CO2 scrubber changes or

long lag times due to the large scrubber volumes, CO2 was not removed prior to oxygen

measurements.  Carbon dioxide production (CO2) was used to validate the RQ

assumptions; it was computed as:
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V
.
 CO2 =  

.
 V
.
  (FeCO2– FiCO2 ) / {1– FeCO2 [1–(1/RQ)]}

where FiCO2 and FeCO2 are fractional incurrent and excurrent CO2 concentrations,

respectively.

‘LabAnalyst’ software was used to smooth metabolic data via a nearest-neighbor

algorithm and the ‘instantaneous’ transformation was used to resolve short-term events

(Bartholomew et al., 1981).  LabAnalyst was also used to subtract baselines, interpolate

through references, correct lag times, and compute O2 and CO2 (e.g. Fig. 1.1).

We calculated slopes (iCOT) and intercepts of the speed versus O2 relationship

using least-squares linear regression of speed and O2 for each individual (e.g. Fig. 1.2).

Data were obtained with the LabAnalyst stepped sampling procedure (one-min means

separated by 3 min; the initial one-min block was the midpoint of the entire 23.5 h of

recording) to eliminate autocorrelation, as sequential samples are not independent

(Chappell et al., 2004; Rezende et al., 2006b).  Speeds less than 0.5 meters/min were

discarded to eliminate any effects of electrical noise in the tachometer.  Outliers were

removed by visual inspection.  Resting metabolic rate was measured as described below.

The Y-intercept was used to calculate the Postural Cost (Intercept – Resting Metabolic

Rate), which is generally thought to be the cost associated with holding a body in an

upright position (Taylor et al., 1970; Schmidt-Nielsen, 1979; Bennett, 1985).  Traits

calculated for the wheel metabolic trials were as follows:

Distance Run = Total distance run over 23.5 h recording period (m)

Run Time = Total time spent running (wheel rotating) over 23.5 h recording period (min)

Maximum Wheel Speed (Vmax) = highest speed in an 1.5 sec sample interval (m/min)
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Maximum 1-minute wheel speed (Vmax1) = Maximum voluntary speed averaged over 1

min (m/min)

Maximum voluntary O2 (O21) = Maximum voluntary O2 averaged over 1 min (ml/min)

Daily Energy Expenditure (DEE) = O2 averaged over 23.5 h recording period (ml/min)

Resting Metabolic Rate (RMR10) = Minimum O2 averaged over 10 min (ml/min)

Incremental Cost of Transport (iCOT) = Slope of speed vs. O2 regression (ml O2/m),

using one-min means separated by 3 min

Intercept  =  Intercept of speed vs. O2 regression (ml O2/min)

Postural Cost = Intercept - RMR10 (ml O2/min)

Absolute Cost of Transport = [(iCOT x Distance) + (Postural Cost x Run Time)] (ml O2)

Ecological Cost of Transport (% DEE) =  [100 x (Distance x Slope)/DEE]  (Garland

1983)

Statistics

We compared mini-muscle mice (line 3) with normal mice (lines 7 and 8) using

analysis of variance (ANOVA, for wheel-running traits) or covariance (ANCOVA, for

metabolic traits and sprint speed) with body mass as a covariate, and a planned contrast

(SAS PROC MIXED, version 9.1).  Repeatability of sprint speed between days 1 and 2

was assessed using a paired t-test and a Pearson product-moment correlation.

Significance was judged at a=0.05, and we report two-tailed significance levels unless we

had specific directional predictions.
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RESULTS

Routine wheel testing

Results from days 5 and 6 of the 6-day wheel exposure used to identify breeders

in the selection experiment (Table 1.1) indicate that mini-muscle mice did not differ from

normal selected-line mice in distance run or in maximum speed attained in any 1-minute

interval.  However, on average, mini-muscle mice spent less time running (2-tailed

P=0.0017) and ran at higher mean speeds (P=0.0018) than normal mice (Fig. 1.3).

Costs of voluntary locomotion

Two mice were tested twice for voluntary running costs because of poor

performance or equipment problems during the initial measurement. During the

metabolic trials, neither distance run nor time spent running (Table 1.2) was significantly

different between mini-muscle and normal mice.  However, Vmax and Vmax1 were

significantly higher in mini-muscle mice (P=0.0009 and P=0.0010, respectively).  No

body mass effects were found, and therefore, body mass was not used as a covariate in

analyses of running behaviour (Table 1.3 reports the mean of masses from before and

after respirometry measurements, and on both days of sprint speed tests).

As might be expected from the elevated maximum voluntary running speeds of

mini-mice, the highest voluntary oxygen consumption during any 1-minute interval (O21)

was also significantly higher in mini-muscle versus normal mice (P=0.0122) (Table 1.3).

DEE was significantly higher in mini-muscle mice than in normal mice (P=0.0442), but

RMR10 did not differ (Table 1.3).  We found no statistical differences in RER between
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mini-muscle and normal mice, either during the highest single minute of oxygen

consumption or during the 10-min RMR measurement (Table 1.3; results were similar

when body mass was not included in the model).

Only 29 mice were included in the RMR10 and Postural Cost analyses because

one mouse was very active even when not running and did not provide a valid RMR.

Contrary to predictions, the slope of the speed versus O2 regression, or iCOT, was not

significantly different between mini-muscle and normal selected lines (Table 1.3).  Also

unexpected was the significant difference in intercept between mini-muscle and normal

mice, with the former having a 7.6% higher value (P=0.0017).  Because intercepts were

different between normal and mini phenotypes, but RMR was not different, postural cost

was also significantly higher in mini-muscle than in normal mice (P=0.0187).

Sprint performance

No mice were excluded from sprint speed analyses because of low behavioural

scores.  In the pooled sample of 30 mice, maximum 1-meter sprint speed was

significantly repeatable between day one and two, as indicated by a Pearson product-

moment correlation (r=0.787 for log-transformed values; P<0.0001).  On average, mice

ran faster on day two (2-tailed P=0.0173 for log-transformed values).  Using the higher of

the two daily values for each mouse (no transformation necessary), maximum sprint

speed averaged 23.5% higher in normal versus mini-muscle mice (1-tailed P=0.0481;

Table 1.3).
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DISCUSSION

Cursoriality in mammalian runners is often associated with specific

morphological features, including relatively long limbs, high metatarsal/femur ratios, and

more proximal musculature (Garland and Janis, 1993; Steudel and Beattie, 1993;

Carrano, 1999), which in turn are correlated with increased locomotor abilities (Garland

and Janis, 1993) and more extensive movement in nature (Kelly et al., 2006).  Limb

morphology is also thought to have a substantial influence on COT in mammalian

runners (Hildebrand, 1962; Myers and Steudel, 1985), based on the assumption that the

work performed to cycle the limbs during a stride constitutes a substantial part of the total

COT (Martin, 1985; Claremont and Hall, 1988).  Therefore, a smaller and/or more

proximally distributed limb mass would require less energy to cycle and hence should

lower the iCOT.  In support of this idea, Myers and Steudel (1985) found that artificial

alterations in human limb mass that alter kinetic energy of the limb can result in

significant changes in COT.  Yet Taylor et al. (1974) suggest no difference in COT or

iCOT in a comparison of cheetahs, goats, and gazelles that were similar in size but

differed markedly in limb morphology, although statistical analysis was not performed on

the results.  Phylogenetic non-independence may also confound interpretation of these

and other tests of ‘cursorial morphology’ (e.g. see Garland and Janis, 1993; Autumn et

al., 1999; Barbosa and Moreno, 1999; Kelly et al., 2006).

Here, we used an experimental evolution approach (Garland and Rose, 2009) and

studied mice selectively bred for high voluntary wheel running to examine how limb

morphology may affect sprinting performance and costs of transport during voluntary
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wheel running.  In particular, we tested the performance and cost impact of the mini-

muscle phenotype that has increased in frequency in two of the selected lines and has

become fixed in one of these lines.  The reduced hind-limb mass and longer, thinner

hindlimb bones of mini-muscle mice gives them a more ‘cursorial’ morphology than

normal mice (Kelly et al., 2006), and this phenotype has been favored by selection for

high voluntary wheel running (Garland et al., 2002).  We hypothesized that voluntary

running costs would be lower in mini-muscle mice versus normal mice, due to the

reduction in hindlimb mass in mini-muscle animals.  This prediction seems reasonable,

although the expected effect of their longer hindlimbs (Kelly et al., 2006) is not entirely

clear (e.g. see Steudel-Numbers et al., 2007), and we do not know their effective

hindlimb length (Pontzer, 2007) while running on wheels.  Additionally, because of a

smaller hindlimb muscle mass and altered contractile properties (Syme et al., 2005), we

expected a reduction in maximum contractile force and hence slower sprint speed in

mini-muscle mice.

The mini-muscle mice in our study ran at higher mean voluntary speeds than

normal mice, which is consistent with previous results that mini-muscle mice run faster

on wheels and sometimes run more revolutions per day than normal mice (Garland et al.,

2002; Syme et al., 2005; Kelly et al., 2006; Hannon et al., 2008; Gomes et al., 2009).

However, contrary to our predictions, one of the two main components of transport costs,

iCOT  -- the slope of the speed versus metabolic rate relationship (Fig. 2) -- was not

significantly different between mini-muscle and normal mice.  The other major

component of running costs is the so-called ‘postural cost’ (Taylor et al., 1970; Taylor et
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al., 1982):  the elevation of the zero-speed intercept above resting metabolism.  An

unexpected result was that mini-muscle mice have a higher intercept than normal mice,

which contributes to a higher postural cost in mini-muscle mice.   The combination of

similar iCOT and higher postural costs means that running costs at any speed are higher

in mini-muscle mice than in normal mice.

In large part our prediction of reduced COT in mini-muscle mice was based on

the assumption that lighter limbs would be less costly to cycle during running.  Previous

studies have shown that the cost of leg cycling significantly contributes to running costs

(Martin et al., 1985; Claremont and Hall, 1988).  In some circumstances, the cost of leg

cycling may be more substantial than the cost of supporting body mass during

locomotion.  Moreover, there is a greater increase in metabolic rate when an animal is

carrying a given load on the feet rather than more proximally on the leg (Martin et al.,

1985), which also suggests the thinner, lighter limbs of mini-muscle mice should provide

an energetic savings during running.  However, reduced limb muscle mass leads to

increased muscle stress and increased costs associated with supporting the body during

locomotion (Reilly et al., 2007).

 Stride frequency may also be important in determining COT.  In smaller animals,

higher stride frequencies are often associated with higher costs (Heglund and Taylor,

1988).  Because stride frequency is in part a function of limb dimension, it is reasonable

to assume that limb morphology could have a significant impact on locomotor

performance, including both sprint speed (e.g. Bonine and Garland, 1999) and COT.

More proximal muscle distributions may lead to higher stride frequencies and, therefore,
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higher cost of muscular work per unit time as a result of more rapid leg cycling (Heglund

and Taylor, 1988; Raichlen, 2006).  However, as speed = stride frequency X stride

length, energy costs per unit distance covered should be the same or lower for cycling a

thin ‘cursorial’ leg than for ‘normal’ limb configurations, unless the cursorial limb has

reduced stride length.  At present we do not have kinematic data for voluntary running in

mini-muscle versus normal mice.  If limb cycling is in part a resonant property of limb

structure (Ahlborn et al., 2006), then lighter limbs might cycle faster, with reduced stride

length.  That could be part of the explanation for the higher running costs we observed in

the mini-muscle animals.

Another potential complication is that the effects of body size on locomotor costs

may differ for walking vs running (Rubenson et al., 2007).  Changes in COT at different

gaits have been reported in at least one rodent (Kenagy and Hoyt, 1988).  If the mini-

muscle mice had different gait versus speed preferences than normal mice, perhaps due to

different limb muscle characteristics, then their running costs might differ.  However, we

saw no inflection point in the speed versus metabolic rate relationship that might indicate

cost variation due to gait changes (Fig. 2).

Speculatively, one possible explanation for the apparent selective advantage of

the mini-muscle allele stems from the higher voluntary running speeds of mini-muscle

mice (Table 1.1; see also Syme et al., 2005; Kelly et al., 2006; Gomes et al., 2009).  At

any given speed, the mini-muscle phenotype provides no energy savings over the normal

limb phenotype, but because absolute COT (including both iCOT and postural costs)

decreases with increasing running speed (Taylor et al., 1970), the economy of running
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may be improved in faster-running mini-muscle individuals.  We did not find a

significant difference in overall running economy in this small sample of animals (Table

1.3), but a savings at high speeds might be apparent with a larger sample size.

It is also possible that the mini-muscle phenotype has another benefit that would

have been difficult to discern through our measurements, such as reduced energy use by

the slower and smaller mini muscles and thus reduced reliance on anaerobic metabolism

during exercise (Barclay and Weber, 2004; see also Gomes et al., 2009).  Although

measurements of work and oxygen consumption in individual muscles revealed that the

mini muscles are not more efficient than their normal counterparts, the mini-muscle

phenotype may allow mice to run faster without significant accumulation of anaerobic

byproducts associated with muscle fatigue which may decrease motivation to run

(McGillivray et al., 2009).  The significantly faster voluntary running speeds of mini-

muscle mice (Tables 1 & 2) lend support to this hypothesis.  By this means, an

improvement of some aspects of running performance could be achieved within

particular muscles, even if that improvement is not reflected in whole-animal running

energetics.

From a broader perspective, it is important to keep in mind that limbs may be

optimized for more than speed or running economy (for example, maneuverability or

grasping strength, both of which may be relevant to wheel running: see video that

accompanies Girard et al., 2001).  Also, from the perspective of the evolution of mini-

muscle in our experiment, the selection protocol emphasizes distance run with unlimited
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access to food, so there may be little selection for the energy savings associated with

reduced COT.

Our second main prediction was that mini-muscle mice would have reduced

sprinting performance, i.e. lower maximal sprint speeds.  Maximum running speed is

largely a function of the ability of muscles to generate force, so higher muscle power

output via differences in muscle volume, architecture or type of contractile fibers should

lead to greater sprint speeds (Kumagai et al., 2000; Abe et al., 2001).  Strong selection for

sprinting ability would be expected to be associated with changes in muscle that enhance

power output for a short, fast burst of anaerobic power, such as increased muscle mass

and the proportion of fast-twitch fibers.  Conversely, a smaller muscle mass with slower

muscle fibers, as in the mini-muscle phenotype (Syme et al., 2005, Guderley et al., 2006,

2008; Bilodeau et al., 2009; McGillivray et al., 2009), would lead to reduced power

output (Syme et al., 2005) and hence impaired sprinting ability.  As expected, we found

that mini-muscle mice had significantly reduced maximal sprint speeds (Table 1.3).  This

may be an unavoidable trade-off between endurance capacity and high-power output, as

predicted by Syme et al. (2005).  In voluntary wheel running, all of the mice from these

lines typically run at speeds within their aerobic performance capacity, and much more

slowly than maximal sprint speed (Rezende et al., 2005, 2009).  Therefore, such traits as

muscle fatigue-resistance, endurance capacity, and reduced costs of transport may be

favored by the selection protocol even at the expense of sprint performance.
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Table 1.1  Wheel running on days 5 and 6 of the routine test.

Least Squares Means ± s.e.m. P

Trait N

Mini-muscle

[Line 3]

Normal

[Line 7]

Normal

[Line 8]

mini vs.

normal

Mean Distance (m) 30 15,526±960 17,856±960 13,921±960 0.7600

Mean Time (min) 30 473.3±33.0 639.7±33.0 588.6±33.0 0.0017

Mean Speed (m/min) 30 32.49±1.49 28.57±1.49 23.84±1.49 0.0018

Max Speed (m/min) 30 49.39±2.47 48.66±2.47 39.93±2.47 0.1033
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Table 1.2  Wheel-running during metabolic measurements

Least Squares Means ± s.e.m. P

Trait N

Mini-muscle

[Line 3]

Normal

[Line 7]

Normal

[Line 8]

mini vs.

normal

Distance Run (m) 30 7,967±912 6,688±912 7,566±912 0.4590

Run Time (min) 30 301.8±34.4 286.4±34.4 352.7±34.4 0.6758

Vmax (m/min)

(1.5 sec)
30 52.69±1.92 46.22±1.92 41.65±1.92 0.0009

Vmax1 (m/min)

(1 min)
30 46.63±1.99 40.56±1.99 34.76±1.99 0.0010
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Table 1.3 Body mass (mean), cost of transport, and maximal sprint speed (
a
 one-tailed t-test).

Least Squares Means + s.e.m.

Trait N

Mini-muscle

[Line 3]

Normal

[Line 7]

Normal

[Line 8]

Body

Mass

Mini (Line 3)

vs. Normal

 (Lines 7 & 8)

Body Mass (g) 30 29.75 ± 0.80 30.33 ± 0.80 30.96 ± 0.80 -- 0.3679

Maximum Voluntary O2 over 1 min

   (ml O2/min)
30 4.565 ± 0.200 3.967 ± 0.198 4.018 ± 0.201 0.0369 0.0284

Respiratory Exchange Ratio at Maximum

Voluntary O2 over 1 min
30 0.980 ± 0.039 1.083 ± 0.037 1.011 ± 0.037 0.2461 0.1690

Daily Energy Expenditure O2

(ml O2/min)
30 1.896 ± 0.061 1.743 ± 0.061 1.730 ± 0.061 0.0045 0.0442

Resting Metabolic Rate over 10 min

   (ml O2/min)
29 0.760 ± 0.027 0.730 ± 0.251 0.727 ± 0.253 0.0003 0.3347

Respiratory Exchange Ratio at RMR

   over 10 min
29 0.892 ± 0.023 0.890 ± 0.021 0.909 ± 0.0225 0.0027 0.7759

ICOT (ml O2/m) 30 0.0339 ± 0.0022 0.0336 ± 0.0022 0.0365 ± 0.0022 0.1511 0.6839

Intercept (ml O2/min) 30 2.452 ± 0.044 2.272 ± 0.043 2.258 ± 0.044 0.3169 0.0017

Postural Cost (ml O2/min) 29 1.674 ± 0.045 1.544 ± 0.043 1.531 ± 0.043 0.2974 0.0187

Ecological Cost of Transport

(% DEE)
30 0.1003 ± 0.0101 0.0870 ± 0.0100 0.1022 ± 0.0101 0.0326 0.6505

Absolute Cost of Transport

(ml O2/day)
29 823.9 ± 79.3 667.2 ± 75.0 801.3 ± 75.5 0.1909 0.3575

Maximum Sprint Speed (m/s) 30 0.9226 ± 0.1332 1.3450 ± 0.1318 1.0663 ± 0.1333 0.3010
a

0.0481
a
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Figure 1.1 Example of voluntary wheel running recorded over 23.5 hours, showing speed

and oxygen consumption.  Shaded bar indicates lights out.
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Figure 1.2  Example of typical relationship between running speed and oxygen

consumption during 23.5 hours of voluntary wheel running.  Cost of transport (slope),

intercept, resting metabolic rate, and postural cost were obtained for 30 female mice.

ANCOVA results accounting for body mass are listed in Table 1.3.
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Figure 1.3 Mean running speed on days 5 and 6 of the routine 6-day wheel exposure as

used to pick breeders in the selection experiment.  Mini-muscle mice ran significantly

faster than mice with normal muscles (see Table 1.1).
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SUMMARY

Mice from four replicate lines that have been bred for high voluntary wheel

running (HR lines) have high baseline circulating corticosterone levels and increased

daily energy expenditure as compared with four non-selected Control (C) lines.  High

corticosterone may suppress immune function and competing energy demands may limit

an individual’s ability to mount an immune response.  Accordingly, we hypothesized that

HR mice would have a reduced immune response and therefore decreased ability to fight

an infection.  Trichinella spiralis is an ecologically relevant nematode common in

mammals.  Infections have an acute, intestinal phase while the nematode is migrating,

reproducing, and traveling throughout the bloodstream, followed by a chronic phase with

larvae encysted in muscles.  Fifty adult male HR mice from generation 55 were infected

by oral gavage with ~300 J1 T. spiralis larvae and 45 mice were sham-infected.  Blood

was collected throughout the infection cycle and IgE levels were quantified from a

sample taken two weeks post-infection.  During the chronic phase of infection, mice were

given access to wheels for 6 days followed by 2 days of maximum aerobic performance

(V
.
 O2max) trials during forced exercise.  Infected HR mice had significantly lower IgE

levels compared with infected C mice.  However, we found no statistical difference

between infected HR and C mice in numbers of encysted larvae within the diaphragm (a

standard index of infection level).  As expected, both voluntary wheel running and

V
.
 O2max were significantly higher in HR mice and lower in infected mice, with no

linetype-by-infection interactions.  Results agree with previous studies suggesting that
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locomotor abilities are decreased during the chronic phase of infection.  Contrary to our

hypothesis, however, selective breeding for high voluntary wheel running does not

appear to have had a substantial negative impact on this aspect of immune function,

despite reduced antibody production.
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INTRODUCTION

A major theme in the field of ecological immunology (Sheldon and Verhulst,

1996; Wikelski and Ricklefs, 2001; Martin et al., 2007) is the potential for physiological

trade-offs that are assumed to occur when various functions compete for limited

resources (Careau and Garland, 2012).  A number of studies, mostly in birds, have

investigated potential trade-offs between immune function and other energetically

expensive traits.  Energetically costly activities are particularly likely to suffer if a limited

supply of energy must support immune upregulation in addition to other functions

(Demas et al., 1997; Lochmiller and Deerenberg, 2000; Derting and Compton, 2003;

French et al., 2009).  Maintenance and upregulation of immune function are assumed to

be expensive for most organisms, though many costs related to immune functions remain

difficult to quantify (Lochmiller and Deerenberg, 2000; Ots et al., 2001; Bonneaud et al.,

2003; Freitak et al., 2003; Pilorz et al., 2005; Amat et al., 2007; Colditz, 2008).

Moreover, it may be less energetically costly to live with a low-level parasitic infection

rather than investing the energy to completely remove an infection (Pilorz et al., 2005;

Bonneaud et al., 2003; Colditz, 2008).

Parasitic infections are common in wild animals and have a wide range of effects

on the host, including immune responses elicited through a variety of mechanisms.

Behavioral changes that occur in the host as a result of infection are well studied and a

wide range of parasites (particularly helminths) have been shown to have a substantial

impact on energetically expensive traits (e.g. a host’s locomotor behavior or performance

abilities), which may directly or indirectly alter the host’s ability to survive or reproduce
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(Anderson and May, 1991; Poirier et al., 1995; Meagher and Dudek, 2002; Careau and

Garland, 2012).  Assuming limited resources, it is reasonable to expect that parasitized

animals may redirect available resources to allow for an up-regulation of immune

function.

In this study we investigated the effects of a common nematode parasite,

Trichinella spiralis, with an infective biology known to have direct effects on its host (for

example, effects on muscle physiology); it also elicits immune responses that could have

indirect effects (e.g. energy by alterations in allocation).  T. spiralis is geographically

widely distributed and ecologically relevant in many wild mammal populations, and its

biology has been intensely studied because of is relevance to medical and stock animals

(Campbell, 1983, Capo and Despommier, 1996).  During T. spiralis infections, a host

experiences distinct acute and chronic phases (Frenkel, 1989; Meagher and Dudek,

2002).  During the acute phase of the infection, larvae mature in the small intestines of

the host.  Adults mate, females reproduce, and new larvae travel through the bloodstream

and preferentially enter active skeletal muscle of the host.  Upon entering an individual

muscle fiber, larvae induce a suite of changes, including de-differentiation of host muscle

fibers (making them non-functional in contraction) and a considerable upregulation in

angiogenesis.  The chronic phase of the infection begins when larvae are encysted in

these ‘nurse cells’ within a muscle (Campbell, 1983; Despommier, 1998).  Encysted

larvae can remain in the host for years.  Effects of acute trichinosis in rodents include

increased weight loss, decreased locomotor activity, decreased run time to exhaustion in a

forced-exercise test, decreased home-cage activity, and decreased running speed
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(Bernard, 1959; Goodchild and Frankenberg, 1962; Von Brand et al., 1984; Zohar and

Rau, 1984, 1986; Poirier et al., 1995).

The goal of the present study was to test for a trade-off between high voluntary

locomotor activity in wheels and immune function.  Assuming competing energetic

demands and a limited energy supply or ability to process food, it is reasonable to expect

that parasitized animals may decrease activity levels to allow for an up-regulation of

immune function.  A long-term experiment selectively breeding mice for high voluntary

wheel running (Swallow et al., 1998) is particularly well-suited to studies involving

possible trade-offs between locomotion and other metabolically costly functions,

including immune responses (Malisch et al., 2009; Downs et al., 2012).

Regarding the effects of a T. spiralis infection on mice selectively bred for high

voluntary wheel running, two competing (although not necessarily mutually exclusive)

hypotheses warrant examination.  First, due to possible energetic trade-offs associated

with higher activity levels in high runner (HR) mice, we expect that HR mice may

allocate less energy toward resisting infection and would therefore be susceptible to

higher infection levels as compared to control (C) mice.! Assuming less energy is

allocated toward an immune response in HR mice, we would also expect lower

Immunoglobulin levels in HR mice as compared to C mice.! Here, we measure

Immunoglobulin E (IgE), which is part of a broader Th2 immune response associated

with helminth infections.  Specifically, IgE is thought to directly induce expulsion of T.

spiralis from the gut (Gurish et al., 2004, Watanabe et al., 2005).  We also expect higher

parasite loads in HR mice versus C mice because constraints on IgE levels and/or other
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immune functions should reduce the host’s ability to expel T. spiralis larvae.

Additionally, if energy allocation is the primary factor driving IgE production and,

consequently the number of larvae eventually encysted in skeletal muscles, then we

expect infected HR mice to show reduced muscle function and hence a greater decrease

in running performance as compared to infected C mice.  That finding would support the

idea that HR mice are more energetically challenged by a T. spiralis infection.

An alternate hypothesis is focused on the elevated circulating corticosterone

(CORT) levels in HR mice.  CORT is a steroid hormone well known to mobilize energy

stores, particularly in times of increased stress.  Malisch et al. (2007) showed that CORT

levels have changed in response to selection in HR mice, which have CORT levels

approximately twice as high as compared with C mice.  Running on wheels further

elevates CORT levels (Girard and Garland, 2002; Malisch et al., 2007; Downs et al.,

2012), as CORT levels generally increase during exercise (Coleman et al., 1998).  CORT

is thought to be immunosuppressive (Sapolsky et al., 2000); however, it is not clear

which facet of an immune response is most affected by CORT levels.  Malisch et al.

(2009) showed that, although HR and C mice did not differ statistically in the ability to

clear an intestinal nematode infection (Nippostrongylus brasiliensis), an analysis of the

eight line means revealed a negative relation between clearance ability and baseline

CORT levels, supporting the hypothesis that CORT may have immunosuppressive

effects.  More recently, a study by Downs et al. (2012) also found no statistical difference

between the HR and C lines following an immune challenge with lipopolysaccharide.

Thus, evidence to date indicates that HR and C mice may be capable of similar immune
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responses to infection.  Despite the general prediction that CORT is immunosuppressive,

some studies have suggested that CORT affects Th1/Th2 balance and works

synergistically with certain cytokines (specifically, interleukin 4) to induce IgE synthesis

(Zieg et al., 1994; Wiegers and Reul, 1998; Elenkov, 2004; Viveros-Paredes et al., 2005).

Therefore, if IgE levels are increased in HR mice as a result of increased baseline

circulating CORT levels, then we may expect they are more resistant to T. spiralis

infection and will have fewer encysted larvae as compared with C mice.

Direct (invasion and deactivation of skeletal muscle cells) and presumed indirect

(costly immunological responses) influences of T. spiralis on hosts are expected to

decrease running performance in both HR and C mice.  Thus, an intuitive prediction is a

negative relationship between parasite load and voluntary wheel running or performance

ability.  Assuming immunological and energetic costs associated with infection and

potentially anorexigenic effects of parasite infection (Kyriazakis et al., 1998; Adamo et

al., 2010), overall body mass and many organ masses are expected to be negatively

affected by infection.  However, the spleen is often enlarged in organisms with parasitic

infections and is considered to be an immunologically important organ (Cowan et al.,

2009; Schulte-Hostedde and Elsasser, 2011); therefore, spleen mass is expected to

increase with infection.
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METHODS

Study animals and experimental design

Mice were from generation 55 of an ongoing selection experiment, which

includes four lines bred for high voluntary wheel running (HR) and four control (C) lines

bred without regard to wheel running (Swallow et al., 1998).  Briefly, mice from each

generation are given wheel access at approximately 6-8 weeks of age, within-family

selection is used, and a minimum of 10 mating pairs are used to produce litters.  In the

HR lines, the mice that run the most on days 5 and 6 of the 6-day period of wheel access

are bred to produce the next generation.  C mice are also given access to wheels for 6-

days, but are bred without regard to their amount of wheel running.  All eight lines have

been reproductively isolated since the beginning of the selection experiment.  Mice are

housed on a 12:12 light dark cycle and given ad libitum food and water.  One hundred

and one male mice were used for this experiment (males were used to avoid potential

complications from estrous cycles).  Mice were weaned at 21 days according to the

selection protocol (Swallow et al., 1998) and housed four to a cage.

At approximately seven weeks of age, half of the mice (chosen randomly) were

infected (via stomach tube) with about 300 Trichinella spiralis (Beltsville strain) J1-stage

larvae in 0.1 mL saline (shown to be an ecologically relevant dose for mice;

Despommier, 1983; Meagher and Dudek, 2002).  Larvae were recovered from artificially

digested skeletal muscle of a previously infected host (lab mouse).  The remaining mice

received a sham infection (0.1 mL saline).  IgE levels were obtained from 75 µL blood

samples taken from each mouse two weeks following infection using an infraorbital
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socket protocol (Hoff, 2000).  Blood was centrifuged for 12 minutes at 13,300 rpm and

4oC, and plasma was stored at –20oC until IgE assays.

At approximately four weeks after the initial infection, larvae were expected to be

encysted in host skeletal muscle (the chronic phase of infection; Despommier, 1998).  At

this, time mice were exposed to the running wheels used in the selection experiment

(circumference = 1.12 m) for 6 days.  Wheel running was recorded for 23.5 hours each

day in one-minute intervals and total revolutions per day, total number of 1-minute

intervals with at least one revolution, mean speed (total revolutions/number of active

intervals), and maximum speed in any 1-minute interval were calculated.  Wheel freeness

(measured by the number of revolutions recorded following acceleration to a standard

RPM) was measured prior to wheel testing and at the conclusion of the study.  Wheel

data were recorded and downloaded each day from computers.

Immediately following the six-day wheel running test, maximal oxygen

consumption (V
.
 O2max) during forced exercise was measured using open-flow

respirometry in a small enclosed treadmill (Rezende et al., 2006, details below).

Following V
.
 O2max trials, mice were euthanized by decapitation and dissected.  Liver,

ventricles, lungs, diaphragm, spleen, and right tricep surae were collected and weighed.

Liver, ventricles, and lungs were then dried to a constant mass and re-weighed.

Diaphragm and spleen were frozen for future analyses.  Right tricep surae mass was used

to determine mini-muscle status (the mini-muscle phenotype is a reduction in hindlimb

mass coupled with increased mass-specific aerobic capacity, controlled by a simple



54

Mendelian recessive allele; Houle-Leroy et al., 2003).  The mini-muscle phenotype is

associated with alterations in various morphological, physiological, and behavioral traits,

including organ size, response to an LPS immune challenge, and wheel running under

some conditions (e.g. Garland et al., 2002; Houle-Leroy et al., 2003; Swallow et al.,

2005; Syme et al., 2005; Rezende et al., 2006; Dlugosz et al., 2009; Downs et al., 2012).

Diaphragm counts

The diaphragm is one of the most common sites of T. spiralis larval encystment,

so we used counts of larvae encysted in this tissue as an index of infection level

(Gottstein et al., 2009).  Diaphragms were removed, weighed, and stored in a –20 °C

freezer.  We counted total larvae number in the diaphragm as a measure of final parasite

load for each mouse.  Prior to counting, diaphragms were stained in Geimsa Stain

(described in Ramirez-Melgar, 2007) and compressed between two glass microscope

slides.  All nurse cell-larvae complexes in the diaphragm were counted (Zeiss

microscope, 100x total magnification) four times and averaged.  Additionally,

diaphragms from sham infected mice were inspected to ensure they were not infected.

IgE analyses

Plasma samples that were collected two weeks post-infection (i.e., in the acute

state of infection) were used to assess the primary immune response to infection.  Two

weeks post-infection is predicted to be when the maximum IgE response occurred (Jarrett

et al., 1976, Dearman et al., 1998, Salagianni et al., 2007, Gurish et al., 2004).  A double



55

antibody enzyme-linked sandwich immunoperoxidase assay (Mouse IgE ELISA Kit;

Immunology Consultants Laboratory, Inc. #E90-E) was used to determine plasma

Immunoglobulin E (IgE) levels.  Samples were diluted and measured in duplicate on a

pre-coated anti-mouse IgE plastic microtiter plate.  Absorbance was determined at 450

nm using a SpectraMax Plus microplate reader (Molecular Devices, LLC).  Values were

compared to a standard curve generated individually for each plate.

Maximal metabolic rate (V
.
 O2max)

Each mouse was given two V
.
 O2max tests on consecutive days.  Mice were given

several minutes to acclimate to the motionless treadmill.  When the test began, speed was

initially low.  Mice oriented quickly and ran well.  Treadmill speed was matched to the

behavior of the animals, and was increased approximately every 30 seconds until V
.
 O2 did

not increase or until the mouse could not keep pace with the treadmill or failed to

continue running.  At that point the treadmill was stopped and mice were allowed to

recover before being removed from the treadmill.  Flow rates (2000 ml/min) and gas

concentrations were recorded using ‘Lab Helper’ software (www.warthog.ucr.edu) every

1 second with references taken at the beginning and end of each trial.  Excurrent air was

subsampled at 150 ml/min, scrubbed and dried (soda lime and Dryerite), and then passed

through an O2 analyzer (Applied Electrochemistry S-3A).  Instantaneous corrections

(Bartholomew et al., 1981) were used to accurately record rapid changes in metabolism.
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Oxygen consumption (V
.
 O2) was calculated as:

V
.
 O2 = V

.
  . (FiO2–FeO2) / (1–FeO2)

The  V
.
 O2max was defined as the highest consecutive one minute of V

.
 O2 during exercise.

The higher of the two V
.
 O2max values was used in analyses.

Statistical analyses

Proc Mixed in SAS version 9.2 was used for mixed-model ANOVA analyses

(SAS Institute Inc., Cary, NC, USA).  The mixed-model ANOVA included infection

(referring to differences between infected and uninfected mice), linetype (referring to

differences between HR and C mice), and the infection-by-linetype interaction.  These

effects were tested relative to the random effect of replicate line nested within linetype,

with 1 and 6 d.f.  Our prediction that HR mice were more affected by infection than C

mice was tested via the interaction between linetype and infection.  Mini-muscle (which

may affect certain aspects of performance; Houle-Leroy et al., 2003; Syme et al., 2005;

Dlugosz et al., 2009; McGillivray et al., 2009) was coded as a dummy variable and

included as a fixed effect, tested relative to the error term with d.f. of 1 and ~76 (or ~38

when only infected mice were analyzed) (see Tables).  In all analyses, mice were

excluded if their standardized residual was greater than !3!.

Body mass was recorded seven times over the course of the experiment (see

timeline in Figure 2.1).  Body Mass 1 was analyzed with a one-way mixed model

ANOVA (with line included as a random effect) as mice were not yet infected at that
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time.  All other body mass data were analyzed with the general mixed-model ANOVA

described above.  Age was included as a covariate in analyses of body mass and body

mass was included as a covariate in analyses of organ masses.  Spleen, ventricle, and lung

masses were log10-transformed to achieve approximate normality of residuals.

To test for the effects of infection on wheel running, we used mixed-model

ANOVAs (as described above) for distance (revolutions/day), time (minutes/day),

average speed (RPM), and maximum speed (RPM).  For consistency with the standard

selection protocol, only values averaged for days 5 and 6 of the 6-day test were analyzed.

Wheel freeness measures were averaged and used as a covariate in wheel-running

analyses, as was age.  Distance and time were square-root transformed to reduce

skewness of residuals.

For V
.
 O2max, we used the mixed-model ANOVA described above.  As is typical

for metabolic measurements, V
.
 O2max was log10-transformed and log10-tranformed body

mass was used as a covariate.  Because IgE levels for uninfected mice were, as expected,

very low and often do not reliably fall on the standard curve, only infected mice were

included in IgE analyses.  The number of larvae encysted in the diaphragm was used as

our measure of final infection intensity, with body mass as a covariate.

For traits measured close to the time of dissection (some body masses, organ

masses, wheel running, V
.
 O2max (ml/min)), we also performed analyses of only the

infected mice, using diaphragm larvae count as a covariate and linetype and mini-muscle

status as factors.
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RESULTS

Body mass

Consistent with many previous studies of these lines of mice, uninfected C mice

were about 8-9% larger than uninfected HR mice at all seven body mass measurements,

although none of the differences reached statistical significance (Fig. 2.1; Tables 2.1 and

2.2; Swallow et al., 1999; Malisch et al., 2009; Meek et al., 2009).  Mini-muscle mice

were always significantly smaller than normal mice.  One week after infection (body

mass 2), infection status was not significantly associated with body mass.  However,

starting two weeks after infection and continuing through the end of the experiment,

infected mice were significantly smaller than uninfected mice.  Overall, from the time of

infection (Bleed 1 Mass) until dissection, uninfected C mice showed a 10.75% increase in

body mass and uninfected HR mice increased their body mass by 10.01% compared with

initial body mass.  However, infected C mice only showed a 0.33% increase in body

mass, whereas infected HR mice increased their body mass by 2.87%.  There were no

significant linetype-by-infection interactions for body mass at any point of the

experiment (i.e., body masses of both linetypes were approximately equally affected by

infection).  Considering only the infected mice, diaphragm larvae counts had a significant

negative relation with body mass (Table 2.1).

Organ masses

Body mass at time of dissection was a significant positive predictor of all organ

masses except wet and dry lung mass (Tables 2.3 and 2.4).  HR mice had significantly
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larger wet and dry ventricle masses compared to C mice.  Spleen mass (thought to be a

good indicator of immunological activity and parasitic infection in mammals; Cowan et

al., 2009; Schulte-Hostedde and Elsasser, 2011) was significantly larger in infected mice

than uninfected mice.  Infected mice also had significantly smaller wet and dry lung

masses than uninfected mice.  Linetype-by-infection interactions were not statistically

significant for any organ mass.  In previous studies, the mini-muscle gene has been

shown to have many pleiotropic effects, including increases in body-mass adjusted organ

masses (e.g. Garland et al., 2002; Swallow et al., 2005).  In this study, mini-muscle mice

had significantly larger wet and dry liver masses than normal mice, but mini-muscle was

not a significant predictor of any other relative organ masses (Tables 2.3 and 2.4).

Considering only the infected mice, diaphragm larvae counts had a significant negative

relationship with ventricle mass (Table 2.3).

Hematocrit

Hematocrit was never statistically different between HR and C mice, and body

mass was never a significant predictor of hematocrit (Tables 2.3 and 2.4).  At one week

and two weeks post-infection, infected mice had significantly higher hematocrit than

uninfected mice (p = 0.0148 and p = 0.0028, respectively).  Two weeks post-infection,

mini-muscle mice had significantly lower hematocrit compared to normal mice (p =

0.0311).
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Voluntary wheel running

Four components of voluntary wheel running (means for days 5 and 6 of the 6-

day test) were analyzed: distance (revolutions/day), time (minutes/day), average speed

(RPM), and maximum speed (RPM).  Neither age nor mini-muscle was significantly

associated with any measure of wheel running (Tables 2.5 and 2.6).  As expected based

on many previous studies, HR mice ran significantly farther, for more minutes per day,

and faster than C mice.  As predicted, distance run, time run, and maximum speed were

significantly lower in infected mice, although the decrease in mean speed did not reach

statistical significance.  There was no infection-by-linetype interaction for any aspect of

voluntary wheel running; thus, based on back-transformed least squares means, the

proportional reduction in distance run resulting from infection was similar in HR and C

mice (-43% vs. -46%, respectively).  However, the absolute reduction in distance run due

to infection was approximately four-fold larger in HR as compared with C mice (Fig.

2.2).  Considering only the infected mice, diaphragm larvae counts had a significant

negative relation with all four measures of wheel running (Table 2.5).

V
.
 O2max

The two measures of V
.
 O2max were highly correlated between trial days (r =

0.3982, p < 0.0001), and did not differ on average between trials (paired t-test, p =

0.1645).  As expected, log10body mass was a highly significant predictor of log10 V
.
 O2max

(p < 0.0001) (Tables 2.7 and 2.8).  Accounting for log10 body mass as a covariate, HR
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mice had significantly higher V
.
 O2max than C mice (p = 0.0170).  Infection significantly

decreased V
.
 O2max (p = 0.0396), although the magnitude of the decrease was small (2-

6%).  Similar to wheel running, there was not a statistically significant infection-by-

linetype interaction (p = 0.1286) and mini-muscle mice did not have significantly

different V
.
 O2max from normal mice (p = 0.9009).  Considering only the infected mice,

diaphragm larvae counts were not significantly related to V
.
 O2max (Table 2.7).

Immunoglobulin E

In infected mice, plasma IgE levels at two weeks post-infection were significantly

higher (~67%) in C mice as compared with HR mice (p = 0.0077) (Tables 2.7 and 2.8).

Surprisingly, although all mini-muscle mice are HR mice, mini-muscle mice had

significantly higher IgE levels compared to mice without mini-muscle (p = 0.0361).

Although uninfected mice were not included in IgE analyses, preliminary analyses

suggest that baseline, uninfected IgE levels are similar in HR and C mice (p = 0.9682)

and IgE levels in uninfected mini-muscle mice are not significantly different from normal

mice (p = 0.4728).

Diaphragm larvae counts

Among infected mice, the number of larvae per diaphragm ranged from 285 to

2,140 (mean = 1,261, SE = 54.5).  Log10 body mass was a highly significant negative

predictor of infection level, as measured by counts of larvae in diaphragms (p < 0.0001)
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(Tables 2.7 and 2.8).  Contrary to our prediction, infected HR and C mice did not have

significantly different numbers of larvae in their diaphragms (least squares means were

1,278 vs. 1,132 larvae in C vs. HR mice, respectively; p = 0.2060) and mini-muscle status

was not a significant predictor of larvae encysted in the diaphragm (p = 0.2605).

DISCUSSION

Trichinella spiralis infections elicit a suite of behavioral and physiological

responses in a wide range of hosts (Campbell, 1983; Capo and Despommier, 1996).

Many of these are expected to affect energy metabolism, and our HR mice (the products

of 50+ generations of selective breeding for high voluntary wheel running) seem

particularly likely to exhibit a decrease in voluntary wheel running (which is performed

at extraordinarily high levels for a house mouse) and in immune response as a result of a

T. spiralis infection.  As expected, we found effects of both linetype and infection on

behavior and performance.  However, our results suggest that, despite increased

voluntary wheel running and hence energetic demands in HR mice, selection for a highly

aerobic lifestyle does not appear to have substantial negative effects on immune function,

and infection caused similar proportional decreases in wheel running in both linetypes.

Consistent with this interpretation, Malisch et al. (2009) found that HR and C

mice did not significantly differ in their ability to clear another parasite, the intestinal

nematode Nippostrongylus brasiliensis.  However, previous findings also suggest that HR

mice have increased baseline CORT levels (thought to be immunosuppressive), which

were negatively associated with the ability to clear an N. brasiliensis infection when
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analyzed at the level of the eight line means (Girard and Garland, 2002, Malisch et al.,

2007, 2009).  More recently, Downs et al. (2012) challenged mice from the same

generation as in the present study with lipopolysaccharide (LPS) to investigate

inflammatory response in HR mice.  Despite their elevated baseline CORT levels, HR

mice did not have a suppressed inflammatory response to a classic LPS immune

challenge.

In this study, infected mice had significantly higher hematocrit values compared

to uninfected mice.  Increased hematocrit is typical of inflammatory responses and

parasitic infections (Meagher, 1998; Downs et al., 2012).  Similar to previous results

(Downs et al., 2012), no significant differences in hematocrit values were found between

HR and C mice.  Additionally, results from Swallow et al. (2005) indicate that male HR

and C mice show similar hematocrit values.  However, contrary to our results, Swallow et

al. (2005) found significantly lower hematocrit values for mini-muscle mice in females

only but not males.

As expected, spleen mass was significantly higher in infected mice than in

uninfected mice (Tables 2.3 and 2.4) and, although not statistically significant, liver

masses also tended to be slightly heavier in infected mice.  Generally, increased spleen

and liver masses are associated with a classic inflammatory response (Hart, 1988).  As

seen previously (Swallow et al., 2005; Meek et al., 2009; Downs et al., 2012), spleen and

liver masses were not significantly different between HR and C mice, and mini-muscle

mice had heavier livers.  Additionally, lung mass was significantly lower in infected

mice.  Decreased lung mass may be one of the causes of the decreased V
.
 O2max measured
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in infected mice (Tables 2.7 and 2.8), and in turn this could contribute to decreased wheel

running in infected mice (Tables 2.5 and 2.6).  HR mice had significantly greater

V
.
 O2max (Tables 2.7 and 2.8) and larger ventricles than C mice (Tables 2.3 and 2.4), both

of which would support high aerobic locomotor activity (see also Swallow et al., 2005;

Rezende et al., 2006).

Consistent with previous studies, HR mice had higher voluntary wheel running

and V
.
 O2max, as compared with C mice (e.g. Swallow et al., 1998; Rezende et al., 2005;

Rezende et al., 2006).  As expected, our results show that both wheel-running behavior

and V
.
 O2max decreased when mice were infected.  Following the acute phase of a T.

spiralis infection, larvae encyst in active skeletal muscle and dedifferentiate host skeletal

muscle fibers, thereby decreasing the number of functional muscle fibers available for

locomotion.  HR mice showed a much larger absolute decrease in daily wheel running as

compared with C mice; however, they had similar factorial decreases.  The latter

observation suggests that HR mice are not proportionally more affected by T. spiralis

infection compared with C mice.

Proportional decreases in infection-related aerobic performance (V
.
 O2max) were

much smaller than decreases in wheel running.  By definition, performance tests (such as

V
.
 O2max) require that an individual is maximally motivated, thereby providing a measure

of ability only (Careau and Garland, 2012).  One potential reason for a larger change in

behavior is the motivational factors underlying wheel running.  It is not unreasonable to
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expect that residual discomfort (even pain) resulting from skeletal muscle damage due to

larval encystment may decrease motivation to maintain normal levels of locomotor

activity in infected mice.  Additionally, for both voluntary wheel running and V
.
 O2max

there were no significant interactions between linetype and infection, thus indicating a

similar response to infection in both HR and C mice.

Our results are consistent with the well-established association between helminth

infections and increased IgE production (Gurish et al., 2004; Watanabe et al., 2005; Erb,

2007).  As wheel-running can have a substantial energy cost in mice (e.g. Koteja et al.,

1999; Rezende et al., 2005, 2006), HR mice are thought to be more energetically

challenged than C mice (although this may not be important under conditions of ad

libitum food).  Accordingly, if there is a trade-off between costly locomotion and immune

function, then we expected HR mice to be less resistant (more susceptible) to infection.

As we expected, among infected animals, IgE levels were significantly lower in HR mice

than in C mice.  Assuming general immunosuppressive effects of CORT (Sapolsky et al.,

2000; Galon et al., 2002; Spencer et al., 2011) and our hypothesis that HR mice would

allocate less energy toward immune upregulation, a smaller increase in IgE levels among

HR mice appears to be a reasonable response to infection.  In addition to being part of a

general immune response to parasites, IgE is thought to bind directly to T. spiralis and

directly aid in expulsion of the parasite from the gut of the host, and there is evidence that

IgE may also help kill larval stages of T. spiralis (Gurish et al., 2004).  Lower IgE levels

in HR mice suggest a smaller immune upregulation, less ability to expel T. spiralis

adults, and, ultimately, increased numbers of larvae encysted in skeletal muscle.
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Surprisingly, HR and C mice did not significantly differ in diaphragm loads of T.

spiralis larvae.  However, immune responses to a parasite infection are very complex,

and IgE is not the only important factor in a primary immune response.  We assume that

other components of immunity may compensate for differences in IgE in the two

linetypes.

A number of possibilities could explanation the discrepancy between IgE levels

and diaphragm larvae counts.  First, during the initial four weeks of the infection (i.e. the

acute phase) mice were individually housed without access to running wheels and, in

those circumstances, HR mice are expected to be less energetically limited than if wheel

running were possible.  However, HR mice without wheel access demonstrate increased

home cage activity and increased food consumption as compared to C mice (Copes et al.,

in review) so there are still differences in energy demands between the HR and C mice

(see also Koteja et al., 2001; Swallow et al., 2001).  Our results suggest that, despite

selection for increased voluntary wheel running and the increased energetic needs of HR

mice, it is possible that when housed with ad libitum food, both HR and C mice have

adequate energy available for upregulation of the immune system.

 Second, particularly in energy-limited wild animals, it is often thought to be less

energetically costly and of greater net benefit to live with a low-level parasitic infection

rather than to completely eliminate parasites (which could be quite expensive).  In this

sense, our results do not provide evidence of the proportional extent to which HR and C

mice allocated energy toward an immune response.  In other words, it is not clear if

immune upregulation (IgE production specifically) is maximized in either HR or C mice.
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Third, because HR mice are, on average, smaller than C mice and all mice

received an approximately equal infection dose (~300 J1 larvae total; ~12-15 larvae per

gram body mass), HR mice received a slightly larger dosage relative to their body mass.

One prediction that might follow would be higher encysted larvae loads in HR mice,

particularly given that linetype’s higher CORT levels, but this was not observed.

Finally, the time course of IgE production may not be the same in HR and C mice.

Previous rodent studies (Jarrett et al., 1976; Gurish et al., 2004) show that IgE production

is maximized at about two weeks after infection.  If the time course of an immune

response has been altered (Wiegers and Reul, 1998) by selection for high voluntary wheel

running, then IgE production in HR and C mice may peak at different times.

Within the HR linetype, the overall phenotype associated with the mini-muscle

morphology is known to have a number of effects on the physiology of mini-muscle

individuals (Garland et al., 2002; Swallow et al., 2005).  Results from Downs et al.

(2012) suggest that mini-muscle mice demonstrated greater sickness behaviors compared

to normal mice, however, cytokine levels were not significantly different between mini-

muscle and normal mice.  In this study, body mass measurements, hematocrit, liver mass,

and IgE were the only traits affected by mini-muscle status. Taken together, the results of

Downs et al. (2012) and this study may suggest that mini-muscle mice differ from normal

mice in the activity of molecules associated with an inflammatory response.

Additionally, given the smaller body masses and larger mass-corrected organ masses

typically associated with the mini-muscle phenotype, sickness behavior or inflammatory

response may be further accentuated in mini-muscle mice compared to normal mice.
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A more complete picture of both innate and adaptive immunity would be useful in

determining the specific mechanisms by which artificial selection for high levels of

voluntary exercise has affected immune function HR and C mice.  Nevertheless, the

results of this study and others (Malisch et al., 2009; Downs et al., 2012) clearly indicate

that selection for increased activity levels, and hence increased levels of daily energy

expenditure, has not had a strong negative effect on certain aspects of immune function.

This is one of various examples in which predictions about trade-offs derived from basic

physiological principles are not necessarily met in practice, perhaps because nature has

more "degrees of freedom" than expected (e.g. see Garland, 1988).
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Table 2.1 Significance levels (2-tailed P values; degrees of freedom in parentheses) from SAS Procedure Mixed Analyses of

seven body mass measurements.

Trait N Transform

Mean

Age

(days)

Infection Linetype
Infection*

Linetype
Mini-muscle Age

Diaphragm

Larvae

Counts

Bleed 1 Mass

(at infection)
101 None 51 --

0.1004 (-)

(1,6)
--

0.0027 (-)

(1,91)

0.0168 (+)

(1,91)
--

Bleed 2 Mass 100 None 58
0.0969 (-)

(1,6)

0.2069 (-)

(1,6)

0.3671

(1,6)

0.0097 (-)

(1,82)

0.0224 (+)

(1,82)
--

Bleed 3 Mass 97 None 65
0.0055 (-)

(1,6)

0.2322 (-)

(1,6)

0.1716

(1,6)

0.0097 (-)

(1,79)

0.0881 (+)

(1,79)
--

Mass On Wheel 96 None 82
0.0303 (-)

(1,6)

0.1646 (-)

(1,6)

0.6088

(1,6)

0.0012 (-)

(1,79)

0.7893 (+)

(1,79)
--

Mass On Wheel

(with

Diaphragm

Larvae Count)

49 None 82 --
0.1790 (-)

(1,6)
--

0.0037 (-)

(1,38)

0.5197 (+)

(1,38)

<0.0001 (-)

(1,38)

V
.
 O2max (1)

(Mass Off)
95 None 88

0.0180 (-)

(1,6)

0.2052 (-)

(1,6)

0.6001

(1,6)

0.0013 (-)

(1,77)

0.7414 (+)

(1,79)
--

V
.
 O2max (1)

(Mass Off)

(with

Diaphragm

Larvae Count)

49 None 88 --
0.0646 (-)

(1,6)
--

0.0153 (-)

(1,38)

0.7871 (+)

(1,38)

<0.0001 (-)

(1,38)

V
.
 O2max (2)

Mass
95 None 88

0.0177 (-)

(1,6)

0.1705 (-)

(1,6)

0.7121

(1,6)

0.0036 (-)

(1,77)

0.5879 (+)

(1,77)
--
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Table 2.1 continued...

Trait N Transform

Mean

Age

(days)

Infection Linetype
Infection*

Linetype
Mini-muscle Age

Diaphragm

Larvae

Counts

V
.
 O2max (2)

Mass (with

Diaphragm

Larvae Count)

49 None 88 --
0.0377 (-)

(1,6)
--

0.0153 (-)

(1,38)

0.6447 (+)

(1,38)

<0.0001 (-)

(1,38)

Dissection Mass 95 None 97
0.0140 (-)

(1,6)

0.2126 (-)

(1,6)

0.4813

(1,6)

0.0081 (-)

(1,77)

0.3477 (+)

(1,77)
--

Dissection Mass

(with

Diaphragm

Larvae Count)

49 None 97 --
0.1206 (-)

(1,6)
--

0.0269 (-)

(1,38)

0.6962 (+)

(1,38)

<0.0001 (-)

(1,38)
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Table 2.2  Least squares means from SAS Procedure Mixed Analyses of seven body mass measurements, as shown in Table

2.1.

Least Squares Means ± Standard Error

Trait
Control

Uninfected

Control

Infected

High

Runner

Uninfected

High

Runner

Infected

Normal

Muscle
Mini-muscle

Model

(SAS Proc Mixed)

Bleed 1 Mass

(at infection)
31.1956 ± 1.1341 28.4894 ± 0.9661

31.6683 ±

0.6976

28.0167 ±

1.2091

Model Bld1Mass = Linetype

Mini Bld1Age

Bleed 2 Mass
31.1262 ±

1.2821

29.0628 ±

1.2662

28.4037 ±

1.1133

27.7089 ±

1.0992

30.6696 ±

0.7204

27.4812 ±

1.2339

Model Bld2Mass = Infect

Linetype Infect*Linetype

Mini Bld2Age

Bleed 3 Mass
32.8748 ±

1.3896

28.4272 ±

1.3534

29.6782 ±

1.1662

27.6143 ±

1.1534

31.4689 ±

0.7545

27.8284 ±

1.3682

Model Bld3Mass = Infect

Linetype Infect*Linetype

Mini Bld3Age

Mass On Wheel
34.7957 ±

1.5306

31.6903 ±

1.5001

31.6561 ±

1.3177

29.5491 ±

1.3145

34.3183 ±

0.8342

29.5273 ±

1.4486

Model Mass_On = Infect

Linetype Infect*Linetype

Mini WheelAge

Mass On Wheel

(with diaphragm

larvae count)

--
32.0269 ±

1.1454
--

29.9190 ±

0.9513

32.9932 ±

0.6931

28.9526 ±

1.2770

Model Mass_On = Linetype

Mini WheelAge Diaphrx

V
.
 O2max (1)

(Mass Off)

33.9713 ±

1.5074

31.2625 ±

1.4787

31.0930

±1.3123

29.1780 ±

1.3020

33.7006 ±

0.8733

29.0518 ±

1.4486

Model O2_1Mass = Infect

Linetype Infect*Linetype

Mini VO2Age

V
.
 O2max (1)

(Mass Off) (with

diaphragm larvae

count)

--
32.1532 ±

0.9778
--

29.6127 ±

0.7684

32.4945 ±

0.5638

29.2714 ±

1.1841

Model O2_1Mass =

Linetype Mini VO2Age

Diaphrx
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Table 2.2 continued...

Least Squares Means ± Standard Error

Trait
Control

Uninfected

Control

Infected

High

Runner

Uninfected

High

Runner

Infected

Normal

Muscle
Mini-muscle

Model

(SAS Proc Mixed)

V
.
 O2max (2)

(Mass)

34.6879 ±

1.5402

31.8635 ±

1.5094

31.6546

±1.3329

29.4337 ±

1.3224

34.0692 ±

0.8772

29.7506 ±

1.4860

Model O2_2Mass = Infect

Linetype Infect*Linetype

Mini VO2Age

V
.
 O2max (2)

(Mass) (with

diaphragm larvae

count)

--
32.6660 ±

0.9301
--

29.8911 ±

0.7146

32.8948 ±

0.5242

29.6623 ±

1.1685

Model O2_2Mass =

Linetype Mini VO2Age

Diaphrx

Dissection Mass
34.9538 ±

1.6497

31.3002 ±

1.6202

31.6724 ±

1.4430

29.3320 ±

1.4329

33.8435 ±

0.9412

29.7858 ±

1.5602

Model Dis_Mass = Infect

Linetype Infect*Linetype

Mini DissAge

Dissection Mass

(with diaphragm

larvae count)

--
31.9260 ±

1.0737
--

29.6911 ±

0.8446

32.4097 ±

0.6197

29.2075 ±

1.2981

Model Dis_Mass = Linetype

Mini DissAge Diaphrx
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Table 2.3 Significance levels (2-tailed P values; degrees of freedom in parentheses) from SAS Procedure Mixed Analyses of

organ masses.  Body mass was not transformed for organ mass analyses.

Organ Mass N Transform Infection Linetype
Infection*

Linetype
Mini-muscle Body Mass

Diaphragm

Larvae Count

Spleen 94 Log10
0.0451 (+)

(1,6)

0.4982 (+)

(1,6)

0.4798

(1,6)

0.4132 (+)

(1,76)

<0.0001 (+)

(1,76)
--

Spleen (with

diaphragm

larvae count)

49 Log10 --
0.1844 (+)

(1,6)
--

0.7341 (+)

(1,38)

0.0010 (+)

(1,38)

0.2962 (-)

(1,38)

Wet

Liver
95 None

0.1750 (+)

(1,6)

0.3947 (+)

(1,6)

0.2241

(1,6)

<0.0001 (+)

(1,77)

<0.0001 (+)

(1,77)
--

Wet

Liver (with

diaphragm

larvae count)

49 None --
0.8270 (+)

(1,6)
--

0.0064 (+)

(1,38)

<0.0001 (+)

(1,38)

0.4228 (-)

(1,38)

Dry

Liver
95 None

0.3031 (+)

(1,6)

0.3717 (+)

(1,6)

0.3203

(1,6)

<0.0001 (+)

(1,77)

<0.0001 (+)

(1,77)
--

Dry

Liver  (with

diaphragm

larvae count)

49 None --
0.9081 (+)

(1,6)
--

0.0110 (+)

(1,38)

0.0001 (+)

(1,38)

0.3524 (-)

(1,38)

Wet Ventricle 94 Log10
0.4557 (-)

(1,6)

0.0299 (+)

(1,6)

0.1233

(1,6)

0.3329 (+)

(1,76)

<0.0001 (+)

(1,76)
--

Wet Ventricle

(with

diaphragm

larvae count)

49 Log10 --
0.0205 (+)

(1,6)
--

0.7909 (+)

(1,38)

<0.0001 (+)

(1,38)

0.0219 (-)

(1,38)

Dry Ventricle 93 Log10
0.1503 (-)

(1,6)

0.0261 (+)

(1,6)

0.1748

(1,6)

0.2948 (+)

(1,75)

<0.0001 (+)

(1,75)
--
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Table 2.3 continued...

Organ Mass N Transform Infection Linetype
Infection*

Linetype
Mini-muscle Body Mass

Diaphragm

Larvae Count

Dry Ventricle

(with

diaphragm

larvae count)

49 Log10 --
0.0119 (+)

(1,6)
--

0.7293 (+)

(1,38)

<0.0001 (+)

(1,38)

0.0373 (-)

(1,38)

Wet Lungs 94 Log10
0.0180 (-)

(1,6)

0.4452 (+)

(1,6)
0.1843 (1,6)

0.6659 (+)

(1,76)

0.6478 (+)

(1,76)
--

Wet Lungs

(with

diaphragm

larvae count)

48 Log10 --
0.1974 (+)

(1,6)
--

0.3468 (+)

(1,37)

0.8286 (+)

(1,37)

0.4936 (+)

(1,37)

Dry Lungs 93 Log10
0.0308 (-)

(1,6)

0.4660 (+)

(1,6)
0.2912 (1,6)

0.7375 (+)

(1,75)

0.6749 (+)

(1,75)
--

Dry Lungs

(with

diaphragm

larvae count)

48 Log10 --
0.2121 (+)

(1,6)
--

0.1429 (+)

(1,37)

0.6851 (+)

(1,37)

0.2972 (+)

(1,37)

Hematocrit

(Bleed 1)
101 None --

0.9415 (-)

(1,6)
--

0.2635 (+)

(1,91)

0.6871 (-)

(1,91)
--

Hematocrit

(Bleed 2)
98 None

0.0148 (+)

(1,6)

0.4679 (-)

(1,6)

0.6416

(1,6)

0.2409 (-)

(1,80)

0.6169 (+)

(1,80)
--

Hematocrit

(Bleed 3)
96 None

0.0028 (+)

(1,6)

0.4293 (+)

(1,6)

0.4891

(1,6)

0.0311 (-)

(1,78)

0.7277 (+)

(1,78)
--
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Table 2.4 Least squares means from SAS Procedure Mixed Analyses of organ masses, as shown in Table 2.3.

Least Squares Means ± Standard Error

Organ Masses
Control

Uninfected

Control

Infected

High

Runner

Uninfected

High

Runner

Infected

Normal

Muscle
Mini-muscle Model (SAS Proc Mixed)

log10 Spleen
-1.0619 ±

0.04164

-0.9982 ±

0.04134

-1.0580 ±

0.03817

-0.9416 ±

0.03891

-1.0281 ±

0.02088

-1.0017 ±

0.03392

Model Lspleen = Infect

Linetype Infect*Linetype

Mini Dis_Mass

log10 Spleen (with

diaphragm larvae

count)

--
-1.0206 ±

0.03680
--

-0.9506 ±

0.03279

-0.9923 ±

0.02302

-0.9789 ±

0.03981

Model Lspleen = Linetype

Mini Dis_Mass Diaphrx

Wet Liver
1.8861 ±

0.07250

2.0069 ±

0.06833

2.0078 ±

0.05634

2.0211 ±

0.05999

1.7981 ±

0.03599

2.1692 ±

0.07693

Model WetLiver = Infect

Linetype Infect*Linetype

Mini Dis_Mass

Wet Liver  (with

diaphragm larvae

count)

--
1.9247 ±

0.09183
--

1.8994 ±

0.07849

1.7384 ±

0.05404

2.0857 ±

0.1130

Model WetLiver =

Linetype Mini Dis_Mass

Diaphrx

Dry Liver
0.6068 ±

0.02590

0.6382 ±

0.02455

0.6475 ±

0.02033

0.6496 ±

0.02154

0.5746 ±

0.01316

0.6965 ±

0.02752

Model DryLiver = Infect

Lineytpe Infect*Linetype

Mini Dis_Mass

Dry Liver  (with

diaphragm larvae

count)

--
0.6149 ±

0.03292
--

0.6101 ±

0.02819

0.5554 ±

0.01945

0.6695 ±

0.04018

Model DryLiver =

Linetype Mini Dis_Mass

Diaphrx

log10 Wet

Ventricle

-0.8478 ±

0.01338

-0.8415 ±

0.01278

-0.7954 ±

0.01079

-0.8136 ±

0.01125

-0.8319 ±

0.006925

-0.8172 ±

0.01436

Model LWetVent = Infect

Linetype Infect*Linetype

Mini Dis_Mass

log10 Wet

Ventricle  (with

diaphragm larvae

count)

--
-0.8618 ±

0.01096
--

-0.8216 ±

0.009308

-0.8439 ±

0.006142

-0.8395 ±

0.01495

Model LWetVent =

Linetype Mini Dis_Mass

Diaphrx



8
3

Table 2.4 continued...

Least Squares Means ± Standard Error

Organ Masses
Control

Uninfected

Control

Infected

High

Runner

Uninfected

High

Runner

Infected

Normal

Muscle
Mini-muscle Model (SAS Proc Mixed)

log10 Dry

Ventricle

-1.4809 ±

0.01348

-1.4827 ±

0.01305

-1.4272 ±

0.01130

-1.4484 ±

0.01161

-1.4674 ±

0.007362

-1.4521 ±

0.01419

Model LDryVent = Infect

Linetype Infect*Linetype

Mini Dis_Mass

log10 Dry

Ventricle  (with

diaphragm larvae

count)

--
-1.5007 ±

0.009966
--

-1.4589 ±

0.008449

-1.4824 ±

0.005629

-1.4773 ±

0.01336

Model LDryVent =

Linetype Mini Dis_Mass

Diaphrx

log10 Wet Lungs
-0.5967 ±

0.02148

-0.6714 ±

0.01903

-0.6037 ±

0.01544

-0.6336 ±

0.01712

-0.6314 ±

0.008660

-0.6212 ±

0.02144

Model LWetLung = Infect

Linetype Infect*Linetype

Mini Dis_Mass

log10 Wet Lungs

(with diaphragm

larvae count)

--
-0.6981 ±

0.02979
--

-0.6462 ±

0.02533

-0.6531 ±

0.01735

-0.6912 ±

0.03725

Model LWetLung =

Linetype Mini Dis_Mass

Diaphrx

log10 Dry Lungs
-1.2599 ±

0.02154

-1.3241 ±

0.01888

-1.2632 ±

0.01569

-1.2922 ±

0.01701

-1.2888 ±

0.008327

-1.2809 ±

0.02150

Model LDryLung = Infect

Linetype Infect*Linetype

Mini Dis_Mass

log10 Dry Lungs

(with diaphragm

larvae count)

--
-1.3595 ±

0.02985
--

-1.3093 ±

0.02543

-1.3048 ±

0.01748

-1.3639 ±

0.03692

Model LDryLung =

Linetype Mini Dis_Mass

Diaphrx

Hematocrit

(Bleed 1)
47.0067 ± 0.6851 46.9449 ± 0.5451

46.4178 ±

0.3622

47.5338 ±

0.8949

Model Bld1Hct = Linetype

Mini Bld1Mass

Hematocrit

(Bleed 2)

45.4258 ±

1.0874

48.2295 ±

1.0359

44.9734 ±

0.8552

47.0801 ±

0.8492

47.1801 ±

0.4970

45.6743 ±

1.1699

Model Bld2Hct = Infect

Linetype Infect*Linetype

Mini Bld2Mass

Hematocrit

(Bleed 3)

44.1077 ±

1.1507

38.8612 ±

1.0755

44.2848 ±

0.8837

40.3489 ±

0.9231

43.2420 ±

0.4803

40.5593 ±

1.1175

Model Bld3Hct = Infect

Linetype Infect*Linetype

Mini Bld3Mass
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Table 2.5 Significance levels (2-tailed P values; degrees of freedom in parentheses) from SAS Procedure Mixed Analyses of

wheel running on days 5 and 6.

Trait   N Transform Infection Linetype
Infection*

Linetype

Mini-

muscle
Age Freeness

Diaphragm

Larvae

Counts

Mean distance

(revolutions)
95

Square

Root

0.0125 (-)

(1,6)

0.0034 (+)

(1,6)

0.6510

(1,6)

0.6914 (+)

(1,76)

0.5296 (-)

(1,76)

0.1615 (-)

(1,76)
--

Mean distance

(revolutions)

(with diaphragm

larvae counts)

49
Square

Root
--

0.0073 (+)

(1,6)
--

0.1068 (+)

(1,37)

0.3051 (-)

(1,37)

0.0451 (-)

(1,37)

0.0015 (-)

(1,37)

Mean time

(min)
95

Square

Root

0.0023 (-)

(1,6)

0.0076 (+)

(1,6)

0.5102

(1,6)

0.6678 (-)

(1,76)

0.3931 (-)

(1,76)

0.1766 (-)

(1,76)
--

Mean time

(min)

(with diaphragm

larvae counts)

49
Square

Root
--

0.0190 (+)

(1,6)
--

0.2095 (-)

(1,37)

0.3116 (-)

(1,37)

0.0467 (-)

(1,37)

0.0003 (-)

(1,37)



8
5

Table 2.5 continued...

Trait   N Transform Infection Linetype
Infection*

Linetype

Mini-

muscle
Age Freeness

Diaphragm

Larvae

Counts

Mean speed

(RPM)
95 None

0.1102 (-)

(1,6)

0.0029 (+)

(1,6)

0.4491

(1,6)

0.2321 (+)

(1,76)

0.8024 (-)

(1,76)

0.3457 (-)

(1,76)
--

Mean speed

(RPM)

(with

diaphragm

larvae counts)

49 None --
0.0054 (+)

(1,6)
--

0.3412 (+)

(1,37)

0.6552 (-)

(1,37)

0.1229 (-)

(1,37)

0.0208 (-)

(1,37)

Mean maximum

speed (RPM)
95 None

0.0194 (-)

(1,6)

0.0014 (+)

(1,6)

0.4750

(1,6)

0.4491 (+)

(1,76)

0.6398 (-)

(1,76)

0.7503 (-)

(1,76)
--

Mean maximum

speed (RPM)

(with

diaphragm

larvae counts)

49 None --
0.0058 (+)

(1.6)
--

0.2580 (+)

(1,37)

0.7432 (-)

(1,37)

0.3015 (-)

(1,37)

0.0055 (-)

(1,37)
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Table 2.6 Least squares means from SAS Procedure Mixed Analyses of wheel running on days 5 and 6, as shown in Table 2.5.

Least squares means ± Standard Error

Trait
Control

Uninfected

Control

Infected

High

Runner

Uninfected

High

Runner

Infected

Normal

muscle

Mini-muscle

muscle
Model

square root Mean distance

(revolutions)

37.2959 ±

6.7791

21.1239 ±

6.3846

66.5868 ±

5.3327

45.3652 ±

5.2789

41.1512 ±

2.8539

44.0347 ±

6.7146

Model TRUN56 =

Infect Linetype

Infect*Lineytpe Mini

WheelAge Res

square root Mean distance

(revolutions) (with

diaphragm larvae counts)

--
11.5320 ±

6.9168
--

42.8148 ±

5.4019

34.8312 ±

3.9563

19.5155 ±

8.5646

Model TRUN56 =

Linetype Mini

WheelAge Res

Diaphrx

square root Mean time

(minutes)

12.7844 ±

1.2432

7.2873 ±

1.1577

16.1907 ±

0.9605

12.0283 ±

0.9492

12.3639 ±

0.5160

11.7815 ±

1.2484

Model TINT56 =

Infect Linetype

Infect*Lineytpe Mini

WheelAge Res

square root Mean time

(minutes) (with

diaphragm larvae counts)

--
6.0898 ±

1.5556
--

11.7994 ±

1.2309

10.2364 ±

0.9011

7.6527 ±

1.8873

Model TINT56 =

Linetype Mini

WheelAge Res

Diaphrx
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Table 2.6 continued...

Least squares means ± Standard Error

Trait
Control

Uninfected

Control

Infected

High

Runner

Uninfected

High

Runner

Infected

Normal

muscle

Mini-muscle

muscle
Model

Mean speed

(RPM)

8.2544 ±

1.7647

6.6046 ±

1.6895

16.6391 ±

1.4345

12.9342 ±

1.4228

10.0194 ±

0.7621

12.1968 ±

1.6954

Model RPM56 =

Infect Linetype

Infect*Lineytpe

Mini WheelAge Res

Mean speed

(RPM)

(with diaphragm larvae

counts)

--
4.3959 ±

1.6407
--

12.3058 ±

1.2786

9.4158 ±

0.9364

7.2859 ±

2.0388

Model RPM56 =

Linetype Mini

WheelAge Res

Diaphrx

Mean maximum speed

(RPM)

16.2614 ±

2.6072

11.2231 ±

2.4882

30.3468 ±

2.1043

22.1147 ±

2.0863

18.9602 ±

1.1199

21.0128 ±

2.5234

Model MAX56 =

Infect Linetype

Infect*Lineytpe

Mini WheelAge Res

Mean maximum speed

(RPM)

(with diaphragm larvae

counts)

--
8.0356 ±

2.7655
--

21.3673 ±

2.1906

16.7622 ±

1.6036

12.6407 ±

3.3499

Model MAX56 =

Linetype Mini

WheelAge Res

Diaphrx
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Table 2.7 Significance levels (2-tailed P values; degrees of freedom in parentheses) from SAS Procedure Mixed Analyses of

V
.
 O2max, IgE, and diaphragm larvae counts.

Trait N Transform Infection Linetype
Infection*

Linetype

Mini-

muscle
Log10 Mass

Diaphragm

Larvae

V
.
 O2max

(ml/min)
95 Log10

0.0396 (-)

(1,6)

0.0170 (+)

(1,6)
0.1286 (1,6)

0.9009 (-)

(1,77)

<0.0001 (+)

(1,77)
--

V
.
 O2max

(ml/min)

(with diaphragm

larvae counts)

49 Log10 --
0.0939 (+)

(1,6)
--

0.8618 (-)

(1,38)

0.0019 (+)

(1,38)

0.3569 (-)

(1,38)

IgE (ng/ml) 49 None --
0.0077 (-)

(1,6)
--

0.0361 (+)

(1,40)
-- --

Diaphragm

Larvae Counts
49 None --

0.2060 (-)

(1,6)
--

0.2605 (-)

(1,39)

<0.0001 (-)

(1,39)
--

Diaphragm

Larvae

Counts

(without body

mass)

49 None --
0.9233 (-)

(1,6)
--

0.1783 (-)

(1,39)
-- --
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Table 2.8 Least squares means from SAS Procedure Mixed Analyses of V
.
 O2max, IgE, and Diaphragm Larvae Counts.

Least Squares Means ± Standard Error

Trait
Control

Uninfected

Control

Infected

High

Runner

Uninfected

High

Runner

Infected

Normal

muscle

Mini-

muscle

Model

(SAS Proc Mixed)

l og10   V
.
 O2max

0.8405 ±

0.02062

0.8286 ±

0.01980

0.9317 ±

0.01633

0.8794 ±

0.01778

0.8715 ±

0.01060

0.8686 ±

0.02204

Model LVO2MaxH =

Infect Linetype

Infect*Linetype Mini

LVO2Mass

log10       V
.
 O2max

(with diaphragm

larvae counts)

--
0.8119 ±

0.02302
--

0.8671 ±

0.02014

0.8424 ±

0.01321

0.8366 ±

0.03050

Model LVO2MaxH =

Linetype Mini Diaphrx

LVO2Mass

IgE --
340.7 ±

32.5
-- 203.8 ± 23.5

221.19 ±

17.3864

323.22 ±

42.5011

Model IGEngml =

Linetype Mini

Diaphragm

Larvae Counts
-- 1,278 ± 91 -- 1,132 ± 77 1,289 ± 50

1,120 ±

131

Model Diaphrx = Linetype

Mini LDis_Mas

Diaphragm

Larvae Counts

(without body

mass)

--
1,358 ±

138
-- 1,343 ± 104 1,224 ± 78

1,477 ±

170

Model Diaphrx = Linetype

Mini
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 Figure 2.1 Timeline of experimental design.
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Figure 2.2 Wheel running averaged on days 5 and 6 of voluntary wheel running test.

Untransformed means (± SE) for Control Sham (n = 18), Control Infected (n = 23), HR

Sham (n = 27), and HR Infected (n = 26) groups.
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SUMMARY

The glucocorticoid hormones, corticosterone (CORT) and cortisol, influence

numerous physiological, morphological, and behavioral functions.  However, few studies

have addressed possible relationships between individual differences in glucocorticoid

concentrations and whole-animal performance or metabolism.  Because CORT is

important in glucose regulation and energy metabolism, and can influence activity levels,

we hypothesized that individual variation in baseline circulating CORT levels would

correlate with individual differences in energy expenditure (routine and maximal),

aerobic physiology, voluntary exercise on wheels, and organ masses.  We tested this

hypothesis in the California mouse (Peromyscus californicus).   We collected data from

54 adult, colony-bred mice on baseline CORT levels (measured near both the circadian

peak and trough), voluntary wheel running and its energetic costs, maximal oxygen

consumption during forced treadmill exercise (V
.
 O2max), basal metabolic rate, and

relative organ masses.  We found surprisingly few statistically significant relationships

among CORT, energy metabolism, behavior, and organ masses, and these relationships

appeared to differ between males and females.  These findings suggest that individual

differences in baseline CORT levels are not an important determinant of voluntary

activity levels or aerobic performance in California mice.
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INTRODUCTION

The glucocorticoids cortisol and corticosterone, steroid hormones secreted by the

adrenal cortex, are important in glucose regulation and energy balance both under

baseline conditions and in response to stress (Sapolsky et al., 2000; Romero and Butler,

2007).  Basal plasma glucocorticoid concentrations display a sinusoidal circadian rhythm,

with the highest levels occurring just prior to the active period, consistent with their role

in metabolism and energy partitioning (see Lightman et al., 2008 and Dickmeis, 2009 for

review; Dallman et al., 1987).  Circulating basal glucocorticoids are important for

maintaining organismal homeostasis and additionally are thought to have permissive

effects:  at basal levels, glucocorticoids help the organism prepare for subsequent

energetic challenges and potentially enhance the initial response to future stressors

(Munck and Náray-Fejes-Tóth, 1994; Sapolsky et al., 2000).  The effects of

glucocorticoids are time-, dose-, and context-dependent (Munck and Náray-Fejes-Tóth,

1992; Overli et al., 2002; Mikics et al., 2007; Kralj-Fiser et al., 2010), pointing to the

importance of distinguishing between basal (including both the nadir and peak of the

circadian rhythm) and post-stress hormone levels.

Numerous studies have examined the relationships among glucocorticoid levels,

metabolism, and whole-organism behavior and performance (Sinervo and Calsbeek,

2003; Miles et al., 2007; Breuner et al., 2008; Campbell et al., 2009; Careau and Garland,

In press).  In general, adrenalectomy reduces activity levels, whereas administration of

exogenous glucocorticoids has opposite effects (Brown et al., 1982; Eaves et al., 1985;

Wolkowitz, 1994; Sandi et al., 1996).  However, results are not always consistent among
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or within species.  Additionally, the above-listed studies tended to focus on extreme

situations of either virtually no circulating glucocorticoids (adrenalectomy) or

pharmacologically high levels of glucocorticoids (glucocorticoid administration).  The

few studies that have considered interactions among endogenous glucocorticoid levels,

behavior, and locomotor physiology have generally found positive correlations between

corticosterone (CORT) levels and physical or locomotor activity (mice and rats; Coleman

et al., 1998; Girard and Garland, 2002; Malisch et al., 2008; Stranahan et al., 2008).  This

relationship is expected, as locomotion is an energetically demanding and highly

integrative behavior requiring the involvement of a number of physiological systems,

including the endocrine system (Karasov, 1992; Rising et al., 1994; Coleman et al., 1998;

Koteja et al., 1999; Girard and Garland, 2002; Feder et al., 2010), and would therefore be

expected to be influenced by CORT (Wolkowitz, 1994; Almon et al., 2008).

In two of the few studies highlighting relationships between baseline CORT

levels and locomotion, Malisch et al., (2007, 2008) showed that mice from four replicate

lines selectively bred for high voluntary wheel running had elevated endogenous baseline

CORT concentrations shortly before and shortly after the time of the circadian peak,

compared to those from non-selected control lines; however, baseline CORT levels did

not differ statistically between selected and control mice at the circadian nadir.  The

authors noted that increased baseline CORT concentrations may support increased

locomotor activity, possibly through mobilization of energy reserves, and could be a

correlated response to selection for increased voluntary exercise.  These results suggest

that a positive correlation would be expected between activity levels and baseline CORT
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concentrations, especially around the time of the circadian peak (i.e., high baseline CORT

may be permissive of high activity, Sapolsky et al., 2000; Almon et al., 2008; Kalsbeek et

al., 2012).  The specific mechanisms by which glucocorticoids influence locomotion,

however, are not well understood.  CORT increases heart rate and vasodilation in skeletal

muscle arterioles, as well as gluconeogenesis and mobilization of liver glycogen and free

fatty acids, all of which may contribute to metabolic processes important for activity

(Munck and Naray-Fejes-Toth, 1994; Wingfield and Romero, 2001; Almon et al., 2008;

de Kloet et al., 2008).

The two studies by Malisch and colleagues found that selection on wheel-running

behavior altered circulating CORT levels, but did not investigate relationships between

CORT and running behavior in individual mice.  Inter-individual variation in endocrine

function is often overlooked when comparing group means, and it is unclear whether

such individual variation contributes to functionally significant individual differences in

regulation of physiological and behavioral systems (Zera and Harshman, 2001; Piersma

and Drent, 2003; Guimont and Wynne-Edwards, 2006; Williams, 2008; Richardson et al.,

2009; Careau and Garland, In press).  In view of the critical role of the glucocorticoids in

regulating metabolism, energy balance, and behavior, and the fact that hormone secretion

can vary among individuals within a species (Almon et al., 2008; Williams, 2008), we

were interested in possible relationships between individual differences in basal

glucocorticoid concentrations and individual variation in whole-animal locomotor

activity, performance, and metabolism.
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We examined relationships among basal CORT (the major glucocorticoid in many

rodent species), aerobic metabolism, and voluntary wheel running in the California

mouse (Peromyscus californicus), a small, quadrupedal rodent.  This species is unusual

among mammals in having a monogamous mating system with extensive male parental

care and minimal sexual size dimorphism (Gubernick and Alberts, 1987; Gubernick,

1988; Gubernick and Teferi, 2000); consequently, some aspects of its endocrinology have

been described.  P. californicus have unusually high baseline CORT levels for a rodent

(Glasper and DeVries, 2005; Harris et al., 2011; Trainor et al., 2011; de Jong et al., In

press), as well as extremely dynamic diurnal CORT rhythms with very large changes in

CORT concentration from trough to peak (Harris et al., In revision).  As CORT is

involved in mobilizing energy stores, this high baseline may be indicative of unusually

high voluntary activity, with individual variation around the mean correlated with

individual variation in exercise propensity or capacity.  In that context, we were

interested in the predictive value of baseline CORT for activity levels.

Therefore, we studied voluntary exercise in running wheels and concomitant

energy expenditure, as well as basal and maximal aerobic metabolism, and tested whether

these measures were related to CORT profiles.  We collected three independent measures

of activity (or metabolism) in an effort to evaluate individual variation.  Voluntary wheel

running is thought to be an ecologically relevant measure of normal, daily activity

patterns in rodents (Dewsbury, 1980; Chappell et al., 2004, 2007; Swallow et al., 2005),

whereas basal and maximal measurements provide lower and upper limits, respectively,

to rates of aerobic metabolism.  We predicted that voluntary running performance, basal
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metabolic rate (BMR), and maximal oxygen consumption (V
.
 O2max) would be correlated

with baseline CORT concentrations in P. californicus.  Because these mice have large

individual variation in baseline CORT levels (both throughout an individual’s diurnal

rhythm and among individuals), we predicted that if CORT plays an important role in

mobilizing fuel for locomotion, then variation in baseline CORT would be correlated

with metabolic and behavioral traits (particularly, voluntary wheel running).

Additionally, we expected circadian peak baseline CORT values to be more variable and

to have more predictive value, at least in terms of voluntary locomotor activity, than

circadian nadir CORT values.  Finally, we also examined organ masses, as

glucocorticoids may have both direct and indirect effects on organ size (Dong et al.,

2007; Shini et al., 2009).  High CORT values may be negatively associated with masses

of metabolically or immunologically active organs (e.g. heart, brain, spleen,

musculoskeletal system), potentially to compensate for increased metabolic demands

typically seen as a result of activation of the HPA axis (Elliott et al., 2003; Shini et al.,

2009; Vahdatpour et al., 2009).  Moreover, organ sizes (particularly those of

metabolically active organs) may correlate with the upper and lower limits of aerobic

metabolism (Konarzewski and Diamond, 1995; Javed et al., 2010; Kolb et al., 2010;

Ksiazek and Konarzewski, 2012) and voluntary exercise (Chappell et al., 2007).  For

example, V
.
 O2max is generally thought to be a good indicator of cardiopulmonary

function and overall capacity for sustained energy expenditure, and as such, heart mass

and lung mass are expected to be positively correlated with V
.
 O2max (Weibel et al., 1991;
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Bishop, 1999; Rezende et al., 2006).  Given the role of CORT in energy metabolism,

such organ masses might also be expected to correlate with CORT levels as evidence of a

metabolic alteration or compensatory mechanisms resulting from high circulating CORT

concentrations (Sapolsky et al., 2000).

METHODS

Animals

A total of 54 P. californicus (25 males and 29 females) were used.  Mice were

bred at either the Peromyscus Genetic Stock Center (University of South Carolina,

Columbia, SC; 8 males, 18 females) or our colony at the University of California,

Riverside (UCR).  The Stock Center colony was founded from about 60 individuals

collected in the Santa Monica Mountains, CA between 1979 and 1987; our colony is

derived from animals purchased from the Stock Center.  All animals used in the current

study were housed in the UCR vivarium as described previously (de Jong et al., 2009);

mice from the Stock Center were housed at UCR for 215 ± 15 days (mean ± SEM; range:

107-385 days) prior to their use in this experiment.  Mice were housed in 44x24x20 cm

(LxWxH) cages with ad libitum access to food (Purina rodent chow, #5001) and water

(see Metabolism section for housing changes).  Mice were housed under a 14:10 L:D

cycle, with lights on at 05:00 h; temperature was kept at approximately 23°C with

approximately 65% humidity.  P. californicus were reproductively mature (no females

were pregnant) and averaged 324 ± 21  days of age (range: 73-617 days) at the onset of
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metabolic testing.  Body mass prior to BMR measurements was 38.0 ± 1.4 g (mean ±

SEM) for males (N=25) and 41.3 ± 1.9 g for females (N=29).

Animals were housed in one of two social conditions, isolated or paired.  Paired

animals remained with one cagemate, either their own offspring or an adult conspecific

of either sex, until metabolic testing.  Isolated animals were separated from cagemates

for at least one week before basal blood samples were taken to allow CORT levels to

stabilize, as housing condition has been shown to influence CORT concentrations in this

species (Glasper and DeVries, 2005).  Some animals in this study had been used

previously in behavioral experiments.

Each mouse underwent collection of two initial blood samples, followed by a

minimum of five days’ rest before metabolic measurements, which occurred in the

following order: voluntary activity (Day 1-3), maximal oxygen consumption (Day 3),

BMR (Day 4).  After BMR measurements, mice were euthanized and organ masses were

determined following dissection. The UCR Institutional Animal Care and Use

Committee approved all procedures.  UCR is fully accredited by AAALAC.

Blood Sampling

Each mouse was sampled at two different times, 11:00 h (CORTAM) and 18:00 h

(CORTPM), in order to capture values near the circadian nadir and peak corticosterone

values, respectively.  Previously collected data (Harris et al., In revision) show that peak

CORT concentrations (on this light schedule) occur at approximately 20:00 h and nadir

CORT concentrations occur between 04:00 and 08:00 h.  CORT values begin to rise at
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12:00 – 16:00 h.  Therefore, CORTAM should be close to nadir, and CORTPM values are

expected to be near peak levels.  The order of blood sampling (peak vs. nadir) was

randomized among mice.

Mice were anesthetized with isoflurane gas, and approximately 70 µl of blood

was collected into a heparinized micro-hematocrit capillary tube via the retro-orbital

sinus within 4 minutes (average time ± SEM = 94 ± 4 seconds) of disturbing the cage.

Blood was centrifuged for 12 minutes at 13,300 rpm and 4oC.  Hematocrit was measured,

and plasma was stored at –80oC until assay.  The CORTAM and CORTPM samples from

each mouse were collected at least two days apart to minimize hematocrit changes due to

blood loss; the two samples were taken from alternate eyes.  Mean ± SEM hematocrit

from the first and second blood sample was 46.3 ± 0.35% and 45.3 ± 0.45%, respectively

(r = 0.503, t = 2.790, p = 0.008).  Animals were allowed to recover for at least 5 days

from the time of the second blood sample until the beginning of the metabolic testing

phase to allow hematocrit values to return to normal.

Corticosterone Assay

Plasma samples were assayed for CORT using a commercially available kit

(double-antibody corticosterone radioimmunoassay, 07-120102, MP Biomedicals, Costa

Mesa, CA) that had been fully validated for use with California mouse plasma (Chauke

et al., 2011).  Plasma samples were diluted either 1:400 or 1:800 depending on the

expected concentration of hormone in the sample (higher values were expected at the

18:00 h time point); samples were assayed in duplicate.  Intra- and inter-assay



102

coefficients of variation were 1.40% and 6.96%, respectively.  One mouse with CORT

data available from only one of the two blood samples was excluded from analyses, and

one additional mouse was excluded because CORTAM values were higher than CORTPM

values, indicating an aberrant circadian rhythm.  While we have not explicitly tested

CORT repeatability in P. californicus, previous data show consistent circadian

rhythmicity in CORT levels (unpub. data; Harris et al., In revision).  Specifically, within

our colony of mice, pooled data from two previous studies (Chauke et al., 2011; Harris et

al., 2011) indicate that CORTAM values are repeatable within individuals (r = 0.356, p =

0.036, N = 35).  In addition, studies on other species have demonstrated that individual

CORT measures are generally repeatable (Cockrem et al., 2009; Angelier et al., 2010;

Wada et al., 2008).  No apparent baseline CORT differences between Stock Center

animals and UCR-bred animals have been noted in previous studies (unpub. data; see

Chauke et al., 2011 and Harris et al., 2011 for CORT values of Stock Center and UCR-

bred mice, respectively).

Voluntary Exercise on Wheels

Plexiglass
©
-enclosed running wheels allowed concurrent measurement of

voluntary wheel-running behavior and gas exchange (Chappell et al., 2004, 2007;

Rezende et al., 2006, 2009; Dlugosz et al., 2009).  The enclosures contained a stainless

steel running wheel (circumference:  1.12 m; effective volume: 17 l) attached to a

standard housing cage containing ad libitum food (standard rodent chow), water, and a

fan that circulated air throughout the chamber.  Dry air was supplied at 2,500 ml/min



103

controlled by Tylan or Sierra mass flow controllers (Billerica, MA, USA and Monterey,

CA, USA, respectively).  Wheel chambers were held in an environmental cabinet

maintaining temperature at 27.0 ± 0.4°C.  An oxygen analyzer (Oxzilla; Sable Systems,

Henderson, NV, USA) subsampled excurrent air (dried with magnesium perchlorate) at

100 ml/min.  Three-minute reference readings were taken every 42 minutes.  Data were

sampled every 1.5 sec and recorded in Warthog LabHelper software

(www.warthog.ucr.edu).

Voluntary wheel-running measurements lasted approximately 47.5 hours for each

mouse.  ‘LabAnalyst’ software (www.warthog.ucr.edu) was used to correct baselines,

account for lagtime, interpolate reference readings, and calculate rates of gas exchange

(see Chappell et al., 2004).

To minimize effects of electrical noise and account for system response times,

metabolic data were smoothed and instantaneous corrections (Bartholomew et al., 1981)

were used.  To avoid long lag times (because of large scrubber volume) or frequent CO2

scrubber changes, CO2 was not removed before oxygen measurements.  A constant

respiratory quotient (RQ = 0.85) was assumed, and oxygen consumption (V
.
 O2) was

calculated as:

V
.
 O2 = V

.
  

.
 (FiO2–FeO2) / [1–FeO2 (1–RQ)] 1

where V
.
   is the flow rate and, FiO2 and FeO2 are fractional incurrent and excurrent

oxygen concentration, respectively.
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Slopes (incremental cost of transport, iCOT) and intercepts of the speed versus V
.

O2 regression for each individual were calculated and data were obtained with the

LabAnalyst stepped sampling procedure (1-minute means separated by 3 minutes) in an

effort to reduce autocorrelation and obtain V
.
 O2 values statistically independent of each

other (detailed in Chappell et al., 2004). Speeds less than 0.5 m min
-1

 were removed to

eliminate effects of tachometer electrical noise.  Variables measured for wheel metabolic

trials are displayed in Table 3.1.

Maximal Metabolic Rate

Immediately following voluntary activity measurements, maximal rate of oxygen

consumption (V
.
 O2max) in forced exercise was measured, either in a small, enclosed

treadmill (Rezende et al., 2006) or in a small, enclosed wheel (circumference = 51.8 cm;

effective volume = 900 ml; Chappell and Dlugosz, 2009).  Results from the two methods

did not differ statistically based on a comparison of 9 animals measured on the treadmill

and 38 measured in the wheel system (2-tailed p = 0.626).  Flow rates (2,000 sccm in the

treadmill, 2,400 ml/min in the wheel) and gas concentrations were recorded every second

using ‘LabHelper’ software, with references taken at the beginning and end of each trial.

Excurrent air was subsampled at about 150 ml/min and dried with magnesium

perchlorate.  Dried air flowed through a CO2 analyzer (LiCor LI-6251), was scrubbed of

CO2 and redried (soda lime and Drierite), and then passed through an O2 analyzer

(Applied Electrochemistry S-3A).  Oxygen consumption was calculated as:

V
.
 O2 = V

.
  

.
 (FiO2–FeO2) / (1–FeO2) 2
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As with the voluntary running wheel, instantaneous corrections (Bartholomew et al.,

1981) were used to accurately record rapid changes in metabolism.

Mice were given several minutes to acclimate to the wheel or treadmill.  When

the test began, speed was initially low.  Most mice oriented quickly and ran well.  We

matched the speed of the treadmill to the behavior of the animals.  Speed was increased

approximately every 30 seconds until V
.
 O2 did not increase or until the mouse refused to

continue running.  After the trial ended, mice were allowed to recover before being

removed.

Basal Metabolic Rate

Several hours after the V
.
 O2max trial, mice were fasted (with access to water) for

10-12 hours.  Basal metabolic rate (BMR) measurements were taken over an 8-hour

period during the animals’ inactive period (08:00 – 16:00 h).  Measurements were made

in Plexiglass metabolic chambers (volume = 525 ml) with small amounts of bedding, but

without food or water.   Air flow rates were approximately 600 ml min
-1

.  Metabolic

chambers were kept in an environmental chamber, and temperature was maintained at

28-30°C.  Subsampled excurrent air was dried and passed through an Applied

Electrochemistry oxygen analyzer (Pittsburgh, PA, USA).  Temperature, flow rates, and

gas concentrations were recorded every 4 seconds with 3-minute references occurring

every 42 minutes.  Rates of oxygen consumption were computed using Equation 2.   The

lowest continuous 10-minute average V
.
 O2 represents basal metabolic rate.
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Morphology

Following metabolic measurements, mice were euthanized with CO2 and

dissected.  We removed, fat-trimmed, rinsed, blotted, and weighed the following organs:

heart, lungs, liver, spleen, stomach, caecum, large intestines, small intestines,

reproductive organs (whole reproductive tract in females; testes plus epididymi in males),

brain, and the remaining musculoskeletal system.  Stomach, caecum, small and large

intestines were emptied before weighing, and their masses were added together to yield

‘gut’ mass.  Organs were dried at 55°C and re-weighed until they reached constant mass;

dry masses were used in analyses.

Statistics

For a few individuals, we did not obtain all measurements, so some animals were

excluded from various analyses.  Metabolic and body mass data were log10-transformed

before analyses to improve normality (body mass) or linearity of relationships with body

mass and/or the normality of residuals from allometric regressions.  Because organ size,

locomotor abilities, and metabolic physiology are strongly influenced by body mass, we

used body mass residuals in comparisons.  Residuals were computed from regressions on

body mass (and age, where appropriate).  Residuals and correlations were calculated

separately for males and females.  For males, the following variables were analyzed

using body mass- and age-corrected residuals: gut mass, kidney mass, musculoskeletal

mass, and V
.
 O2 (1 min).  For females, body mass- and age-corrected residuals were used

for distance, run time, Vmax1, DBout, MaxBout, BMR, gut mass, kidney mass, and
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musculoskeletal mass.  CORT concentrations were untransformed (Romero, 2004).  All

data are presented in untransformed units.  The significance level ! was 0.05 (2-tailed).

To control for false discovery rates in multiple simultaneous tests (Benjamini and

Hochberg, 1995), we used the q-value procedure (‘Qvalue’ library; R statistical package).

Both raw probabilities and False Discovery Rate (FDR)-adjusted probabilities are

presented.  A post-hoc power analysis (http://www.quantitativeskills.com/sisa/

statistics/correl.htm) was done using separate male and female correlations (and sample

sizes therein), and all correlations that were significant after FDR-corrections indicated a

level of power well above the generally accepted 0.8.  Other analyses included

regressions of VO2 on body mass and GLM procedures (used to compute mass and/or

age residuals) in SPSS version 11.0 for Mac OS X.

RESULTS

Voluntary Wheel Running

As with other rodent species that have been tested (Chappell et al., 2004, 2007;

Rezende et al., 2005, 2006, 2009; Dlugosz et al., 2009), California mice in this study

exhibited substantial voluntary running in the enclosed wheel metabolic chambers.  Mean

± SEM daily distance run and time spent running were 2.88 ± 0.32 km and 147 ± 13 min,

respectively, and there was considerable variation among individuals.  Number of daily

running bouts, running bout durations, and running speeds varied greatly (Table 3.2).

Many measures of voluntary activity and the associated metabolic rates were

intrinsically or intuitively correlated (e.g, run time and run distance; daily run distance
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and daily energy expenditure (DEE)).  After FDR-adjustment, female DEE was

significantly correlated with RMR (minimum V
.
 O2 averaged over 10 minutes, measured

during voluntary tests) (r = 0.609, p = 0.002), voluntary V
.
 O2 (1 min) (maximum V

.
 O2

averaged over 1 minute) (r = 0.715, p < 0.001), and intercept (r = 0.860, p < 0.001).  In

females only, slope of the speed-versus-metabolic-rate regression (incremental cost of

transport) showed significant negative correlations with maximum voluntary speed over

1.5 seconds (Vmax) (r = -0.704, p < 0.001), maximum voluntary speed sustained over 1

minute (Vmax1) (r = -0.661, p = 0.001), and postural cost (r = -0.635, p = 0.001).  After

correction for body mass, postural cost (i.e. the cost associated with maintaining an

upright body position during locomotion: see Table 3.1) was significantly correlated with

DEE in both sexes (males: r = 0.730, p = 0.001; females: r = 0.616, p = 0.002)  (Table

A.1).

We found few correlations between voluntary wheel running and organ mass.

For DEE in females, only dry heart mass and dry liver mass were significantly correlated

following FDR-adjustment (r = 0.575, p = 0.004 and r = 0.608, p = 0.002, respectively)

(Table A.1).  In males, there were no significant correlations between wheel running and

organ mass.



109

Corticosterone

We used three different measures of plasma corticosterone concentrations:

CORTAM, CORTPM, and delta CORT (CORTPM minus CORTAM).  California mice have

a large range of daily baseline CORT values (i.e. large delta CORT), and very high

circulating CORT concentrations compared to most other rodents (Glasper and DeVries,

2005; Chauke et al., 2011).  Average CORTPM values, measured near the peak of the

circadian cycle, are nearly 10-fold higher than CORTAM values (close to nadir).  As we

expected, because CORTAM values are generally low and CORTPM values are much

higher and more variable, the correlation between CORTAM and CORTPM (r = 0.186) is

quite low.  Delta CORT was used to quantify individual variation in CORT measures for

each mouse.  Although the difference was not statistically significant, delta CORT values

tended to be higher in females (1425 ± 135 ng/ml; range 24-3683 ng/ml) than in males

(1286 ± 137 ng/ml; range 13-2782 ng/ml), and females tended to have a slightly broader

range in values (107-2863 ng/ml) than males (276-2692 ng/ml).  In general, mice of

either sex housed with a conspecific tended to have lower and less variable CORT

concentrations than mice housed alone (Figure 3.1).  However, neither CORTAM,

CORTPM, nor delta CORT in males or females differed significantly depending on

housing conditions.

Given the broad range of physiological and behavioral functions modulated by

glucocorticoid hormones, we found surprisingly few relationships between plasma CORT

concentrations and metabolic, behavioral, or morphological measures. In both sexes,

delta CORT was significantly correlated with CORTPM but not CORTAM, possibly
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because CORTPM was highly variable as compared to CORTAM or because of the sheer

difference in magnitude between CORTAM and CORTPM values.  Following FDR-

adjustments, delta CORT and CORTPM were negatively and significantly correlated with

distance run in males, and there was a strong negative relationship between V
.
 O2max and

CORTAM in females (Table 3.3).

Morphology

Relatively few significant correlations following FDR-corrections were found

among residual dry organ masses, and these tended to differ between males and females

(Table A).  In females, dry brain mass was negatively correlated with dry

musculoskeletal mass (r = -0.590, p = 0.004), and dry liver mass was positively

correlated with dry spleen mass (r = 0.736, p < 0.001).  In males, dry gut mass and dry

kidney mass were positively correlated (r = 0.670, p <0.001).

Housing Condition, Activity, BMR, and V
.
 O2max

In males, housing condition was a significant predictor of BMR (r = 0.573, p =

0.016), indicating that male mice housed with a conspecific tended to have higher BMR.

There were no statistically significant relationships between housing condition and

metabolic or behavioral variables in females.

We found few significant correlations among BMR and performance measures.

Maximal oxygen consumption measured during forced exercise (V
.
 O2max) was positively
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correlated with but, on average, well above maximum oxygen consumption measured

during voluntary exercise (r = 0.420, t = 11.771, p < 0.001; Figure 3.2).  Only two of 47

mice had voluntary V
.
 O2 values that exceeded forced V

.
 O2max (5.8 vs. 3.5 ml O2/min in

one individual and 3.1 vs. 2.9 ml O2/min in the other).  Additionally, before FDR-

corrections, V
.
 O2max in males was positively correlated with BMR and mean hematocrit.

Following mass compensation and FDR-correction, BMR was not significantly

correlated with V
.
 O2max or DEE in either sex.  In females, BMR was positively

correlated with dry brain mass and dry musculoskeletal mass before, but not after, FDR-

corrections (Table A).

Comparison of Correlations

Correlations were compared among males and females to determine the extent to

which correlation coefficients different significantly among the sexes (Table A).  While

there is not a strong pattern to the significant differences among the sexes, there are a

number of intersting differences between males and females.  Relatively few significant

differences were found among organ masses, but correlations involving dry brain mass,

dry reproductive organ mass, or dry kidney mass tended to differ signficantly between

males and females.  In terms of voluntay running, correlations involving distance run or

run time rarely differed significantly between the sexes, but most correlations including

MaxBOUT or NBOUT were significantly different between the sexes. Most of the CORT

correlations also differed significantly between the sexes (Table A.2).  Again, this
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highlights the lack of consistency among males and females and the individual

differences found among CORT measurements.

DISCUSSION

Our primary goal was to characterize individual variation in baseline CORT

profiles in relation to voluntary wheel running, aerobic physiology, and morphology.

Our measures of baseline circulating CORT concentrations are consistent with those

previously reported in P. californicus (Chauke et al., 2011; Harris et al., 2011; Trainor et

al., 2011; de Jong et al., In press).  Significant relationships of baseline CORT levels with

voluntary activity and aerobic performance were few in number and differed between the

sexes.  Additionally, we found few significant relationships among morphological

measures, and these also differed between males and females.  Overall, these data suggest

that individual differences in baseline CORT levels are not predictive of aerobic

performance or voluntary activity levels in California mice.

Baseline CORT

Behavior, Performance, and Metabolism

Somewhat surprisingly, baseline CORT concentrations had little predictive value

for voluntary running behavior or aerobic metabolism (Table 3.3).  Despite the relatively

high baseline CORT levels in P. californicus, these mice show similar voluntary running

performance (speed, running time, distance) to other rodents that have not been

selectively bred for exercise capacity (e.g. deer mice, Peromyscus maniculatus, Chappell
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et al., 2004; Mongolian gerbils, Meriones unguiculatus, Chappell et al., 2007; and several

wild-caught rodents, M.A.C. unpublished data).  Delta CORT (CORTPM – CORTAM; the

circadian range in individual baseline CORT concentrations) was used to quantify

individual variation in CORT measures for each mouse. Our study was designed such

that blood samples were collected at consistent times, but it is not likely that we captured

nadir or peak values for all indivuals.  If true nadir or peak values were missed or if

timing of the diurnal rhythm is inconsistent among individuals, then we would expect

fewer correlations between CORT and behavior or performance.

Our results suggest that large baseline delta CORT levels have a primarily

negative relationship with voluntary running levels in males but not in females.  Male

mice with a larger range in daily CORT values or with higher CORT concentrations at

18:00 h (high CORTPM) do not voluntarily run as far and, although not significant, tend to

engage in shorter running bouts and have shorter total voluntary running time as

compared to male mice with a smaller delta CORT or lower CORTPM levels.  These

results may indicate that, contrary to our expectations, mice with increased circadian

variation or plasticity in baseline CORT measures are less likely to mobilize energy

stores for fueling locomotion.  In line with this finding, we found that females with high

CORTAM have lower V
.
 O2max values than females with lower CORTAM, again suggesting

that high baseline CORT levels are detrimental to a female’s performance (we found no

significant relationship between V
.
 O2max and CORT in males).
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Many studies have reported correlations (albeit not always consistent in direction)

between stress-induced glucocorticoid levels and metabolic rates in a variety of

organisms, often in response to changing environmental conditions (Sapolsky et al.,

2000; Vegiopoulos and Herzig, 2007; Peckett et al., 2011).  Because of the overwhelming

support for glucocorticoid-mediated changes in whole-organism metabolism, it is

reasonable to expect that baseline CORT may have substantial permissive effects on the

behavior and physiology of an organism (Sapolsky et al., 2000; Almon et al., 2008;

Kalsbeek et al., 2012).  For this reason, the lack of strong associations between individual

variation in baseline CORT concentrations and basal or resting metabolic rates is

particularly interesting.

Housing

Aside from the potential effects of CORT on behavior and physiology, a number

of factors could potentially influence variability in CORT itself.  Within our dataset, it is

notable that housing condition was not a significant predictor of any CORT measures,

indicating that the mean morning, evening, and delta CORT values did not differ reliably

between individually housed and pair-housed mice.  California mice are highly social

under natural conditions, typically living in monogamous pairs (Ribble and Salvioni,

1990; Gubernick and Teferi, 2000).  Hence, solitary animals would be expected to be

under stress.  Despite the groups having statistically similar mean CORT values,

individually housed male and female California mice tended to have a much larger range

in delta CORT values (~100 ng/ml to ~2,900 ng/ml) than mice housed in pairs (~800
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ng/ml to ~2,200 ng/ml) (Figure 3.1).  The lack of statistical significance is suprising as a

previous study found that being housed with a conspecific greatly reduced CORT

concentrations in male California mice, suggesting that isolation may chronically

stimulate the hypothalamic-pituitary-adrenal endocrine axis in this monogamous rodent

(Glasper and DeVries, 2005).  One possible explanation for this disparity is that the pair-

housed mice in our study lived in a variety of different social configurations, including

pair-housing with one of their own offspring or with a same-sex or opposite-sex adult,

which may have increased variability in basal CORT levels.  We have previously found,

however, that morning basal plasma CORT concentrations did not differ between male or

female California mice housed with a same-sex vs. an opposite-sex pairmate (Chauke et

al., 2011).

Activity, Metabolism, and Organ Mass

To more fully interpret individual differences in baseline CORT, we also

investigated relationships among basal and maximal aerobic metabolism, organ

morphology, and voluntary locomotor behavior.  Values for BMR, V
.
 O2max, voluntary

behavior, and organ masses in California mice in this study fall within expected ranges

compared to other, similarly sized rodents (laboratory mice, Mus domesticus: Swallow et

al., 2005; Rezende et al., 2009; deer mice: Chappell et al., 2004; Russell and Chappell,

2007; Mongolian gerbils: Chappell et al., 2007).  Locomotion can be energetically

expensive, and activity is likely to be an important component of daily energy budgets.

Voluntary activity in laboratory settings may reflect ecologically relevant daily
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movement patterns in the wild (Chappell et al., 2004).  Intra-specific rodent studies

(Chappell et al., 2004; Rezende et al., 2006; Chappell et al., 2007) often reveal

correlations among measures of voluntary activity.  They also frequently show that

individual variation in locomotor behavior is mechanistically related to certain sub-

organismal traits or to whole-animal metabolism and performance, although there is little

consistency among species.  Similar to other rodents, P. californicus demonstrate a

number of significant correlations among voluntary-activity measurements (Table A.1).

However, these apparently differ between the sexes.

Forced-exercise V
.
 O2max is an indicator of maximum cardiopulmonary and

musculoskeletal function, and as reported for other rodents (Chappell et al., 2004;

Rezende et al., 2005; Chappell et al., 2007), V
.
 O2max values in California mice are well

above maximum voluntary V
.
 O2 for both sexes.  This indicates that routine running is not

done at the highest aerobic speeds, as predicted if animals are trying to minimize the cost

of transport (Figure 3.2; Rezende et al., 2005; Dlugosz et al., 2009).  The relative mass of

an organ may indicate its contribution to overall metabolic rate (Jones, 1998), and in both

male and female P. californicus, we found a number of correlations among organ masses

as well as between organ masses and other traits.  However, we found little consistency

between males and females in correlations of activity with sub-organismal traits; such

inconsistency between the sexes is also typical for similar analyses in interspecific

comparisons (Chappell et al., 2007).
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Limitations

At first glance, it seems surprising that CORT appears to be unrelated to the

majority of the metabolic and behavioral traits we measured.  The lack of association

may stem from our exclusive use of circulating CORT levels as the index of CORT

function, which may not fully represent the physiological activity of this hormone.  In

general, the bioactivity of CORT is determined not only by CORT concentrations in the

circulation, but also by levels of corticosteroid-binding globulin (CBG) in the blood,

number and affinity of corticosteroid receptors in target tissues, and availability of

coactivator proteins within target cells.  Our assay measured total CORT; thus we could

not quantify bound (attached to CBG) and unbound (free) CORT levels.  Although no

study has investigated whether P. californicus produces CBG, studies from other rodents

suggest that CBG is present in this lineage (Taymans et al., 1997; Malisch et al., 2008).

Future studies measuring CORT receptor density and affinity, CBG levels, or free plasma

CORT concentrations are vital for understanding biologically meaningful individual

variation in glucocorticoid levels.

Lastly, although we made every effort to minimize physical and psychological

stress to the mice during data collection, it is possible that voluntary exercise, V
.
 O2max,

and BMR measurements may have been stressful in and of themselves and, therefore,

may have influenced subsequent measurements.  This is especially relevant because

activity and metabolic data were collected in back-to-back measurements with virtually

no recovery time in between.  Although we believe our results are valid, this possibility

could help explain the absence of expected correlations.  Additionally, although
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combined data from previous studies (Chauke et al., 2011; Harris et al., 2011) suggest

that CORTAM is repeatable within individuals, no data are available on repeatability of

CORTPM within individuals.  If basal CORTPM levels are highly variable (and therefore

less repeatable) within individuals, then fewer correlations between CORT and

performance would be expected (Careau and Garland In press).

Summary and Conclusions

Hormone profiles may influence the evolution of a number of adaptations that

affect locomotor activity as well as other ecologically relevant behaviors (DeVries et al.,

1995; Creel et al., 1997; Miles et al., 2007; Moore and Hopkins, 2009; Careau and

Garland In press).  Our fundamental question involved the relationship between

individual variation in circulating CORT concentrations and voluntary locomotor

activity, as measured by wheel running.  We expected to find substantial and statistically

significant linkages between CORT levels and voluntary locomotor behaviors (e.g. run

time, number of running bouts, postural cost), and positive correlations between CORT

and aerobic performance limits (V
.
 O2max and BMR).  Additionally, we expected to find a

fairly large number of significant relationships between CORT and lower-level traits or

morphological variables (e.g. musculoskeletal mass; Almon et al., 2008), possibly

contributing to whole-organism performance or behavior.  Contrary to these predictions,

we found few statistically significant correlations between CORT levels and behavioral,

metabolic or morphological variables; moreover, the few significant relationships that we
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found between CORT levels and performance measures were negative and differed

between the sexes.

Undoubtedly, an organism’s ability to adjust CORT levels is important, and both

locomotion and aerobic performance are likely to be critical for survival.  Our results,

although unexpected, serve to demonstrate the complexity of links between hormone

levels and physical activity (Guimont and Wynne-Edwards, 2006; Moore and Hopkins,

2009; Blumstein et al., 2010; Careau and Garland, In press).
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Table 3.1 Metabolic and behavioral variables measured and measures of

circulating corticosterone levels.

Symbol Description Units

DEE Daily energy expenditure (V
.
 O2 averaged over 24-hour recording period) ml O2 day

-1

RMR

Resting metabolic rate (minimum V
.
 O2 averaged over 10 minutes),

measured during voluntary tests ml O2 day
-1

Distance Run Total distance run over 24-hour recording period m day
-1

Run Time Total time spent running over 24-hour recording period min day
-1

V
.
 O2 (1 min) Maximum voluntary V

.
 O2 average over 1 minute ml O2 min

-1

Vmax

Maximum voluntary running speed averaged over 1.5-second sample

interval m min
-1

Vmax1 Maximum voluntary speed averaged over 1 minute m min
-1

iCOT

Incremental cost of transport (slope of speed versus V
.
 O2 regression using

1-minute means separated by 3 minutes) ml O2 m
-1

Intercept Intercept of speed versus V
.
 O2 regression ml O2 min

-1

Postural Cost

Intercept - RMR (cost associated with maintaining an upright position

during locomotion) ml O2 min
-1

NBout Number of independent running bouts over 24-hour recording period

DBout Mean duration of running bouts min

MaxBout Maximum duration of running bouts min

V
.
 O2max Maximal V

.
 O2 over 1 minute measured during forced exercise ml O2 min

-1

BMR Basal metabolic rate (lowest continuous V
.
 O2 over 10 minutes) ml O2 min

-1

CORTAM Total CORT measured at 1100h ng/ml

CORTPM Total CORT measured at 1800h ng/ml

DELTA CORT CORTPM - CORTAM ng/ml
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Table 3.2  Voluntary wheel-running measurements for male and female California mice.

See Table 3.1 for explanation of abbreviations and units.

Males (N=25) Females (N=28)

Trait Mean (SD) Range Mean (SD) Range

Distance run 2,857.6 (1723.2) 531.8 - 6,697.7 2,900.6 (2784.7) 140.0 - 11,700.4

Run time 154.95 (80.49) 20.91 - 307.83 139.24 (104.90) 20.90 - 459.15

NBOUT 349.98 (191.59) 50.0 - 897.0 293.54 (138.99) 102.0 - 544.5

DBOUT 26.65 (6.92) 15.91 - 39.45 27.07 (13.40) 11.19 - 64.19

Vmax 55.45 (12.24) 38.98 - 84.26 55.57 (12.34) 18.89 - 78.48

Vmax1 35.58 (10.70) 21.67 - 67.54 35.22 (10.73) 12.42 - 54.80

V
.
 O2 (1 min) 4.02 (1.00) 2.80 - 7.34 4.37 (0.80) 2.44 - 6.59

DEE 1.60 (0.25) 1.19 - 2.35 1.86 (0.41) 0.95 - 2.97

RMR 0.80 (0.17) 0.54 - 1.29 0.99 (0.27) 0.55 - 1.78



131

Table 3.3 Summary of Pearson correlations involving baseline plasma CORT

concentrations in California mice. All CORT correlations listed were significant before

FDR-corrections (alpha = 0.05); BOLD indicates significance after FDR-corrections

(males pi0 = 0.658, alpha = 0.002; females pi0 = 0.718, alpha = 0.004).  Residuals were

taken with mass and age where necessary, and metabolic measures were log10-

transformed.  A total of 79 non-significant correlations with CORT are excluded from

this table.  See Table 3.1 for explanation of abbreviations.

 Males (N = 17-25) Females (N = 22-29)

Variables r

p

(2-tailed) r

p

(2-tailed)

Delta Cort; CORTPM 0.985 <0.001 0.945 <0.001

CORTAM; Log V
.
 O2max -0.148 NS -0.648 0.001

Delta CORT; Distance Run -0.719 0.001 0.201 NS

CORTPM; Distance Run -0.706 0.002 0.179 NS

CORTPM; Run Time -0.603 0.010 0.236 NS

Delta CORT; Run Time -0.637 0.006 0.265 NS

CORTPM; DBOUT -0.562 0.019 -0.033 NS

Delta CORT; DBOUT -0.544 0.024 0.051 NS

CORTAM; Dry Gut 0.550 0.007 -0.192 NS

Delta CORT; Dry Kidney 0.451 0.035 -0.051 NS



132

Figure 3.1  Baseline plasma CORT concentrations around the time of the

circadian nadir (11:00 h, CORTAM) and the circadian peak (18:00 h, CORTPM),

in male and female California mice that were housed either individually or in

pairs.  The bottom and top of each boxplot represent the first and third quartile,

respectively.  The horizontal line within each box represents the median.

Whiskers indicate the range.  Open circles are outliers (more than three standard

deviations from the mean).  See Table 3.1 for explanation of abbreviations.



1
3
3

Figure 3.2 Graphical representation of BMR, DEE, V
.
 O2 (1 min), and V

.
 O2max relative to body mass in (a) male and

(b) female California mice.  Like other rodents that have been studied with similar methods (Chappell et al., 2004,

2007; Rezende et al., 2005, 2006, 2009; Dlugosz et al., 2009), these mice tend not to voluntarily run at power outputs

that push metabolic rate near V
.
 O2max.  See Table 3.1 for explanation of abbreviations.
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SUMMARY

We surveyed the literature to compile information on mammalian maximum

oxygen consumption during forced exercise (V
.
 O2max).  We also provide new data for the

largest rodent (capybara) and the agouti, tested on treadmills, and for 19 species of

smaller rodents, two species of Carnivora, and one marsupial tested in enclosed, running-

wheel respirometers, instead of the treadmill-based systems used in nearly all previous

measurements of mammalian V
.
 O2max.  Both log10 body mass (as shown in many

previous studies) and log10 mass-corrected V
.
 O2max showed highly statistically significant

phylogenetic signal (related species tended to resemble each other).  We used both

conventional and phylogenetically informed regression models to analyze V
.
 O2max of 77

"species" (including some subspecies or separate populations within species) in relation

to body size, phylogeny, diet (coded in five categories), and measurement method.  We

used the Akaike Information Criterion corrected for small sample size (AICc) to compare

27 candidate models (all of which included log10 body mass).  In addition to log10 body

mass, the two best-fitting models (cumulative Akaike weight = 0.93) included dummy

variables coding for three species previously shown to have high V
.
 O2max for their body

mass (pronghorn, horse, and a bat [relative importance summed across all models > 0.95

for each variable]), and incorporated a transformation of the phylogenetic branch lengths

under an Ornstein-Uhlenbeck model of residual variation (thus indicating phylogenetic

signal in the residuals).  We found no statistical difference between wheel- and treadmill-
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elicited values, and diet had no predictive ability for V
.
 O2max.  Averaged across all

models, the allometric scaling exponent was estimated to be 0.839, with 95% confidence

limits of 0.795 and 0.883, which does not provide support for a scaling exponent of 0.67,

0.75 or unity.
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INTRODUCTION

The scaling of mammalian energy metabolism to body size has been a subject of

scientific study since Rubner (1883; see review in Schmidt-Nielsen, 1975; Savage et al.,

2004).  In mammals, the range of metabolic measures is generally bracketed by basal

metabolic rate (BMR) at the lower limit and maximum oxygen consumption elicited

during whole-body exercise (V
.
 O2max) at the upper limit.  Considering the full range of

mammalian diversity, it is clear that body mass (Mb) is the most important ‘global’ factor

affecting many physiological and metabolic rates, and the allometry (or scaling) of BMR

and V
.
 O2max have sparked enormous interest and been much-debated for years.

Originally, a 0.67 power scaling exponent was suggested for the relationship between

BMR and Mb, based on a comparison of domestic dogs of various sizes (Rubner, 1883).

Later studies suggested that a scaling exponent of 0.75 (referred to by some as the

‘universal scaling exponent’) was more appropriate for metabolic traits, based both on

observation and, more recently, on mathematical modeling of the fractal nature of

nutrient distribution ‘trees’ (Kleiber, 1932; Weibel, 1991, 1992, 2000; West et al., 1997;

Savage et al., 2004).  Several studies have found that mammalian V
.
 O2max deviates

significantly from the ‘universal’ 0.75 exponent, and higher scaling exponents (as high as

0.87) have been suggested for exercise-induced V
.
 O2max (Weibel et al., 2004; Weibel and

Hoppeler, 2005; White and Seymour, 2005; White et al., 2008).  Despite the number of

studies providing theoretical and experimental estimates, there is still no agreed-upon
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allometric scaling exponent for exercise V
.
 O2max (Darveau et al., 2002; Hochachka et al.,

2003; White and Seymour, 2005).

V
.
 O2max has become a benchmark physiological measure used to determine the

upper limit to the intensity of aerobic work.  Numerous studies, especially in the exercise

physiology literature (e.g. Hochachka et al., 2003; Rezende et al., 2006, and references

therein; White et al., 2008; Hillman et al., 2012), have attempted to provide explanations

concerning the mechanistic limitations to V
.
 O2max in mammals (and other vertebrates).

Numerous potential limiting factors as muscle mitrochondria, microvasculature, capillary

volume, and number of erythrocytes have been considered in investigations of V
.
 O2max

(Weibel et al., 2004; White and Seymour, 2005).  Theoretical limitations, including O2

flux, fractal network design, and temperature effects have also been discussed (West et

al., 1997; White et al., 2008; Hillman et al., 2012).  Despite a long list of proposed

explanatory factors, few solid conclusions regarding either scaling exponents or the

functional factors limiting to V
.
 O2max have been reached (but see Hillman et al., 2012).

Previous comparative studies of V
.
 O2max mass scaling have largely relied on

conventional statistical methods to estimate scaling exponents, thus effectively assuming

that all species in the analysis are equally related and hence provide statistically

independent data.  Incorporating phylogenetic relationships accounts for the biological

reality that all species are not equally related (Garland et al., 2005; Nunn, 2011; Rezende

and Diniz-Filho, 2012).  Accordingly, phylogenetic statistical methods have been
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incorporated into a number of comparative studies focusing on physiology, biochemistry,

morphology, and behavior, including basal metabolic rate (White et al., 2009).  However,

previous studies of mammalian V
.
 O2max have not employed phylogenetically informed

statistical methods.

Most tests of exercise V
.
 O2max have been performed on treadmills, but we tested a

subset of species with running wheel respirometry chambers (e.g., Chappell and

Bachman, 1995).  Wheel respirometers offer several advantages over treadmills for

measuring exercise V
.
 O2max in small (< 1 kg) animals.  Wheels are smaller, simpler, and

less expensive to construct as compared with most treadmills.  Based on our experience

with the species studied here, most individuals require no training to exercise intensively

in a wheel, and many species, particularly rodents, spontaneously run in them.  Wheels

lack a treadmill’s characteristic interface between rigid walls and moving tread, and

hence are less likely to cause injury, particularly at the high speeds typically necessary to

elicit V
.
 O2max.  However, different methodologies can provide unequal V

.
 O2max values in

treadmill tests (e.g., Kemi et al., 2002) and hence it is possible that different V
.
 O2max

values could be elicited by exercise in treadmills versus wheels.  To date, few studies of

maximal aerobic performance have employed wheel respirometers (e.g., Chappell and

Bachman, 1995; Chappell et al., 2004; Chappell and Dlugosz, 2009; Dlugosz et al., 2009,

2012), and it is appropriate to perform robust comparisons of the two methods.  Here, we
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provide the first large multispecies analysis of wheel- versus treadmill-elicited V
.
 O2max

in small mammals.

In addition to studying mass scaling and comparing methods for measuring

mammalian V
.
 O2max, we had several additional goals.  We include new data on V

.
 O2max

for 21 rodent species (including the largest rodent, the capybara Hydrochoerus

hydrochaeris), a small marsupial, and the smallest member of the order Carnivora, the

least weasel Mustela nivalis, in addition to data compiled from the literature, for a total of

77 “species” (including some subspecies or separate populations within species).  We test

for phylogenetic signal (the tendency of related species to resemble each other) in body

size-corrected V
.
 O2max, and in particular tested whether three species previously shown

to have high mass-corrected V
.
 O2max (bat, horse, pronghorn) still do so when

phylogenetic relationships are considered.  We test for an effect of diet on V
.
 O2max.

Finally, we estimate the allometric ‘true’ scaling exponent for mammalian V
.
 O2max

through a model-averaging approach.
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METHODS

Data collection

We gathered data on mammalian V
.
 O2max and body mass from the literature for

54 "species" (including some subspecies or separate populations within species;

Appendix E).  Only exercise-induced V
.
 O2max data were used in these analyses.  We also

collected new data for 24 species (Table 4.1).

Agouti and Capybara V
.
 O2max

Standard and maximal rates of V
.
 O2 were measured using a flow-through system

calibrated using the N2 dilution technique (Fedak et al., 1981).   Exercise metabolism in

both species was measured in enclosed boxes resting on motorized treadmills (agoutis:

1.5 m long x 0.3 m wide box; capybaras: 2.1 m long x 0.8 m wide box).  Agoutis

(Dasyprocta cristata) wore a light-weight plastic mask that captured expired gas for

analysis of O2 concentration.  Capybaras wore no mask, and instead air was pulled

through the respirometry box for analysis of O2 and CO2 concentrations.  V
.
 O2 was

measured in agoutis over a period of 1-2 h with they rested within the box; in capybaras,

it was measured over a period of 6-12 h at different times of the day and after the animals

had been kept off feed for 12-24 h.  After a warm-up, animals ran at high speed for 1-2

min (agoutis) or 2-3 min (capybaras) while V
.
 O2 was recorded.  Only one high-speed run

was performed per day.  The     V
.
 O2max was identified as the highest V

.
 O2 when further
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increases in speed elicited no increase in V
.
 O2, when the respiratory exchange ratio

exceeded 1.0 (capybaras), and at running speeds (1.8 m/s – agoutis; <3 m/s – capybaras)

at which plasma lactate accumulation rates approached 7-10 mM/min (as suggested by

Seeherman et al., 1981).

Wheel respirometry methods

We measured V
.
 O2max in 22 species of small mammals.  Wild-caught animals

were live-trapped at several locations in California (Boyd Deep Canyon Research Center

and the University of California, Riverside campus, both in Riverside County; Sierra

Nevada Aquatic Research Laboratory in Mono County) and northeastern Poland

(Mammal Research Institute in Bialowieza, and the University of Bialystok’s Gugny field

station).  Captured animals were immediately transported to the laboratory and V
.
 O2max

was measured within 24 h of capture (for most species, within 4 h of capture).  Food,

water, bedding, and shelter were available to captured animals prior to V
.
 O2max tests.

Wild-caught individuals were released at the site of capture.

Capture, handling, and measurement protocols were approved by the UC

Riverside Institutional Animal Care and Use Committee, the California Department of

Fish and Game, and the Polish Nature Conservancy authorities (permits no. DOPweg-

4201-04-6/03/jr, DOPog-4201-04-43/05/aj, LKE 2003/04, LKE 2004/06 and LKE

2005/08), and conform to U.S. National Institutes of Health Guidelines (NIH publication

78-23) and US and Polish laws.
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We used forced exercise in enclosed running wheel respirometers to elicit

V
.
 O2max (Chappell and Bachman, 1995).  Wheels were supplied with dry air under

positive pressure from upstream mass flow controllers (Tylan; Bedford, Massachusetts,

USA or Sensirion; Staefa, Switzerland) calibrated against an accurate dry volume meter.

Flow entered and exited the wheels through airtight axial bearings.  A dispersive

manifold on the incurrent side helped ensure even perfusion of the wheel volume, and

mixing was also assisted by animal motion and the rotation of the wheel.  A subsample of

excurrent air (about 150 ml/min) was dried with Drierite, scrubbed of CO2 with soda

lime, redried, and flowed through an oxygen analyzer (Sable Systems Oxzilla or FC-10).

For some species, rates of CO2 production (V
.
 CO2) were also measured; here the

subsampled air was first dried with magnesium perchlorate, flowed through a CO2

analyzer (Sable CA-10 or LiCor 6251), and then scrubbed of CO2, redried, and flowed

through an O2 analyzer.  Outputs from the analyzers were measured by an A-D converter

(Sable Systems UI-2) and recorded every 1.0 sec on a computer running LabHelper

software (Warthog Systems, www.warthog.ucr.edu).

We used four respirometer wheels with different flow rates to accommodate a

range of animal sizes and V
.
 O2max.  California ground squirrels (Otospermophilus

beecheyi; > 700 g) were tested in a wheel with internal volume of 57 L (54 cm diameter

by 25 cm wide) and a flow rate of 23 L /min at standard pressure and temperature (STP).

Species weighing 120-400 g were measured in a 9 L wheel (32 cm diameter by 11 cm

wide) at 5 L/min STP.  A 3.8 L wheel (24 cm diameter by 8.5 cm wide) and flow rates of
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2-2.5 L /min STP was used for 60-120 g animals, and for smaller species we used a 1.5 L

wheel (16.5 cm diameter by 7 cm wide) at flow rates of 1.5-2 L /min.  The two large

wheels were padded with carpet to provide traction and prevent injury; smaller wheels

were lined with friction tape.  Flow was measured upstream of the animal chamber and

CO2 was absorbed prior to O2 measurements, so we computed oxygen consumption as:

V
.
 O2 = F . (FiO2 – FeO2) / (1 – FeO2)

Here, F is flow rate (STP), FiO2 is the fractional content of O2 in incurrent gas (.2095),

and FeO2 is the fractional content of O2 in excurrent gas.  Because tests were generally too

brief to attain steady-state conditions, we used the ‘instantaneous’ adjustment

(Bartholomew et al., 1981) to accurately measure rapid changes in V
.
 O2.  Effective

volumes (derived from washout kinetics during rotation) for the four wheels at the flow

rates described above were 56 L, 8.3 L, 3.1 L, and 0.9 L, respectively.

To measure V
.
 O2max, we weighed animals ± 0.1 g (± 1 g for California ground

squirrels) and placed them into the chamber.  A reference reading of unbreathed air was

obtained, after which we recorded ‘resting’ V
.
 O2 for several minutes with the wheel

locked.  Wheel rotation began at low RPM.  After animals oriented appropriately, we

increased rotation speed approximately every 30 sec while monitoring behavior and V
.
 O2.

Rotation was halted when animals were no longer able to maintain position or V
.
 O2 did

not increase with further speed increases.  We recorded V
.
 O2 for several minutes during

the recovery period and then took a second reference reading.  After applying the
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‘instantaneous correction’ we calculated V
.
 O2max as the highest 1-min running average of

V
.
 O2 during the period of forced exercise.  All tests were performed at room temperature

(18-23 °C). Whenever possible, repeated measurements were taken on the same

individual, and the highest of the V
.
 O2max measurements was used in analyses.

Tree construction

We constructed the phylogenetic tree in Mesquite (Maddison and Maddison,

2009) using phylogenetic hypotheses from several previously published studies (Table

4.2).   The basic tree structure is from Meredith et al. (2011).  Within-clade structure was

determined according to the sources listed in Table 4.2.

Statistical analyses

We first tested for phylogenetic signal in log10 body mass and in log10 mass-

corrected V
.
 O2max following Blomberg et al. (2003).  We used the PHYSIG_LL.m

Matlab program provided by Blomberg et al. (2003) to calculate the K statistic, the

randomization test for phylogenetic signal based on the mean squared error, and the

likelihood of the specified phylogenetic tree (see previous section), and an assumed

model of Brownian-motion like trait evolution, versus the likelihood of a star phylogeny.

We computed (multiple) regressions in three ways (reviews in Garland et al.,

2005; Lavin et al., 2008): conventional, nonphylogenetic, ordinary least squares (OLS);

phylogenetic generalized last squares (PGLS); and regression in which the residuals are
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modeled as having evolved via an Ornstein-Uhlenbeck process (RegOU), which is

intended to mimic stabilizing selection on the specified phylogenetic tree.  These three

models form a continuum between assuming a star phylogeny with no hierarchical

structure (OLS), a specified phylogeny (PGLS), and a phylogeny whose branch lengths

are altered such that it can take on values intermediate between the star and the original

phylogeny, or even become more strongly hierarchical than the original tree (RegOU).

The RegOU model contains an additional parameter, d, that estimates the transformation

of the phylogenetic tree (Blomberg et al., 2003; Lavin et al., 2008).  Hence, the fit of a

RegOU model can be compared with the OLS or PGLS models by a ln maximum

likelihood ratio test, where twice the difference in the ln maximum likelihood is assumed

(asymptotically) to be distributed as a !2
 with 1 d.f., for which the critical value at " =

0.05 is 3.841.  Similar tests can be used to compare the fit of models within the OLS,

PGLS or RegOU classes when they contain nested subsets of independent variables (e.g.

see Lavin et al., 2008; Gartner et al., 2010).

All regression models included log10 body mass as a predictor of log10 V
.
 O2max.

Additional candidate independent variables were wheel vs. treadmill measurement

(WHEEL), a variable coding for clade membership (CLADE2), which subdivided the

tree into a total of 12 monophyletic groups, and thus involved 11 dummy variables, and

three dummy variables coding for species previously shown to have a high V
.
 O2max for

their body size (pronghorn, horse, and bat).  We also considered testing for differences

between wild-caught versus domestic forms.  However, found it problematic to code
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some species due to lack of information concerning origin (e.g. fox; Vulpes vulpes) or

ambiguity as to the appropriate category (e.g. some human populations).  In the first

large-scale comparative study of mammalian V
.
 O2max, Taylor et al. (1981, p. 35) noted

that "... domestic animals provide the extremes of adaptation for oxygen demand within a

size class, and it is interesting to note that the wild animals generally fall midway

between these extremes ... For this reason, including the domestic animals in the

allometric relationship between V
.
 O2max and [body mass] of wild animals changes the

scaling factor little, but does increase the range of the 95% confidence interval for the

coefficient and the exponent of the equation."

We utilzed a model selection approach to objectively select among models

corresponding to different combinations of adaptive hypotheses for each of the regression

methods (OLS, PGLS, and RegOU).  For each model, we report the ln maximum

likelihood, Akaike Information Criterion (AIC = (-2 * ln maximum likelihood) + (2 * the

number of parameters)), and AIC corrected for small sample size (AICc = (-2 * ln

maximum likelihood) + (2*p*n/(n-p-1)) (in these formulations, smaller numbers indicate

better-fitting models: see Burnham and Anderson, 2002).  Because AICc converges to

AIC with larger sample sizes, it is recommended to always use AICc to select the best

model (Burnham and Anderson, 2002).  When comparing a series of models, nested or

not, the one with the lowest AICc is considered to be the most parsimonious.  Note that

maximum likelihoods are used for computing AIC and likelihood ratio tests, whereas

restricted maximum likelihood (REML) is used for estimating coefficients in the model,
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such as the allometric scaling exponent. REML estimates of the OU transformation

parameter, d, are also reported.  All of the regression models were computed using the

Matlab Regressionv2.m program of Lavin et al. (2008).

We also calculated an Akaike weight (wi), or model probability, for each model.

For the whole set of models considered, the wi sum to 1 and have a probabilistic

interpretation: of these models, wi is the probability that model i would be selected as the

best-fitting model if the data were collected again under identical circumstances.  As

another way to quantify the strength of evidence, we calculated the evidence ratio (ER)

between the best and each model in the set: ER has a “raffle ticket” interpretation, in the

sense that an ER value of 8 means that the best model has 8 tickets, whereas the other

model only has one (Anderson, 2008).

Because the wi are probabilities, it is possible to sum these for models containing

given variables to identify the variables that are more strongly represented across all

well-supported models and are thus more likely to have important predictive value

(Burnham and Anderson, 2002).  For instance, if one considers the variable diet, one can

calculate the sum of the wi of all the models including diet, and this is the probability that,

of the variables considered, diet would be in the best approximating model were the data

collected again under identical circumstances.  This procedure allows one to compare the

relative importance of candidate independent variables.

Finally, we used model averaging to estimate the allometric exponent of Mb.  For

every model, estimated coefficients and standard errors (SEs) are conditional on the

model being correct, but if we are unsure about the model structure (because more than
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one model has a relatively high AICc), then these estimates should incorporate this

source of uncertainty.  Therefore, we weighted the allometric exponent estimates from

alternative candidate models by the evidence for the respective models (e.g., measured as

wi), and averaged across models (Burnham and Anderson, 2002).

RESULTS

The K statistic of Blomberg et al. (2003) indicated a high level of phylogenetic

signal for log10 body mass (K = 1.322), and the randomization test for statistical

significance based on the mean squared error was highly significant (P < 0.0005).  The ln

maximum likelihood for the specified phylogeny was -88.40 versus -135.65 for a star

phylogeny, thus indicating a much better fit of the former to the data for log10 body mass.

For log10 mass-corrected V
.
 O2max, the K statistic was substantially lower (K = 0.532), but

the randomization test again indicated strong statistical significance (P < 0.0005).  The ln

maximum likelihood for V
.
 O2max on the specified phylogeny was 24.38 versus 11.79 for

a star phylogeny, again indicating a better fit of the former.

In all 27 regression models (full results are presented in Appendix E), AICc

indicated that the PGLS and RegOU models fitted the data better than their OLS (non-

phylogenetic) counterparts.  Likelihood ratio tests indicated that in all cases, the RegOU

models fit the data significantly better than the OLS models (all P < 0.03).  Stated another

way, a model that assumed a star phylogeny was never the most appropriate.  These
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results highlight the importance of accounting for hypothesized phylogenetic

relationships in the statistical analyses.

The top three models that accounted for 98% of the cumulative evidence (acc wi)

are all RegOU models (Table 4.3).  In addition to log10 body mass (included in all

models), the most influential independent variables were the indicators coding for the bat

(BAT), pronghorn (PRONG), and horse (HORSE).  Likewise, p-values associated with

BAT, PRONG, and HORSE in the top three models were always statistically significant

(all P < 0.02).  These three species have long been viewed as having very high V
.
 O2max,

but previous statistical analyses have not used phylogenetic information.  Our results with

phylogenetically-aware analyses confirm that the bat, pronghorn, and horse have

unusually high aerobic capacity.

The independent variable WHEEL (indicating wheel vs. treadmill data collection

method) was found in the second-ranked model, but its cumulative weight across all

models was only 0.247 (Appendix E).  Additionally, the p-value for WHEEL in this

model did not approach statistical significance (p = 0.48).  DIET1 and CLADE2 did not

appear in the top three models.  The cumulative weight of DIET1 across all models was

0.005 and the cumulative weight of CLADE2 (which, in order of AICc values, does not

appear until model 20 of 27) was only 0.000005.

Finally, values from all models were averaged to estimate the allometric scaling

exponent: 0.839 ± 0.022 ( + S.E.).  The corresponding 95% confidence interval is 0.795

to 0.883 (based on degrees of freedom provided by the most inclusive model: d.f. = 64).
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DISCUSSION

Using three versions of a given statistical model (i.e. a given set of independent

variables), we incorporated phylogenetic information and determined which model (OLS,

PGLS or RegOU) best fit a mammalian V
.
 O2max dataset.  Log10 body mass was used in

all models.  Body mass has been previously shown to have high phylogenetic signal (the

tendency for related species to resemble each other), and our estimate of the K statistic (K

= 1.322) agrees with this general result.  Mass-corrected V
.
 O2max also had highly

statistically significant (P < 0.001) phylogenetic signal, but at a lower level (K = 0.532),

again consistent with previous studies of physiological traits (Blomberg et al., 2003;

Rezende et al., 2004; Rezende and Diniz-Filho, 2012).  WHEEL and DIET1 were also

used in various models, but both had relatively little importance when all models are

taken into account (Appendix E).

The top model (smallest AICc) included body mass, BAT, PRONG, and HORSE.

All independent variables used in the analyses were weighted according to the predictive

values of the models (i.e. Akaike weights) in which they appeared, and summed across

all models to identify their relative importance (Burnham and Anderson, 2002).  The top

three independent variables (not including body mass, which has a relative importance of

100% because it is present in all models) were PRONG, BAT, and HORSE.  For each of

these, there is >95% probability that of all the models considered, these variables will be

present in the best model (if data were collected again under identical circumstances).

The top four of 27 models were RegOU models.  REML d values associated with
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each model were substantially greater than zero, indicating that some intermediate

transformation of the branch lengths (between a star phylogeny and the specified

phylogeny) yielded the best fit of the regression model to the V
.
 O2max data.  In other

words, there is phylogenetic signal in mass-corrected V
.
 O2max.  Even after accounting for

three species that are known to have particularly high V
.
 O2max for their body size (bat,

pronghorn, horse) – two of which are dummy coded individually for the CLADE2

variable because they are the only member of that lineage included in our data set –

CLADE2 was still not among the most important variables in the models.  As the

cumulative weight of CLADE2 is extremely low (< 0.001%) and the top three models all

indicate the presence of phylogenetic signal in the residuals, we conclude that

phylogenetic signal in V
.
 O2max cannot be adequately accounted for by modeling

differences among the 12 major clades identified for purposes of these analyses.  Rather,

the tendency for related species to have somewhat similar V
.
 O2max is distributed

throughout the phylogeny.

Averaging across all models, we found a scaling exponent for V
.
 O2max of 0.839

(SE ± 0.022).  The most conservative estimate of a 95% confidence interval (based on

degrees of freedom provided by the most inclusive model: d.f. = 64) is 0.795 – 0.883,

which includes the value of 0.809 reported for the large range of species analyzed by

Taylor et al. (1981).  Additionally, this confidence interval is consistent with several

more recent studies (Weibel et al., 2004; Weibel and Hoppeler, 2005; White and
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Seymour, 2005; White et al., 2008) that have indicated a V
.
 O2max scaling exponent

significantly greater than 0.75.

Diet was of very little importance (0.005) considering all models (see Table 4.3).

Comparative metabolic studies (particularly of basal metabolic rate) have often

considered diet (e.g., McNab, 1992), which is thought to be associated with a suite of

other traits, including home range size, and which may also show strong phylogenetic

signal (Garland et al., 1993; Munoz-Garcia and Williams, 2004; Rezende et al., 2004).

Although it is not clear why diet might be directly related to exercise V
.
 O2max, diet is

likely related to body size (Rezende et al., 2004), which is already accounted for in every

model. ANOVAs of body mass in relation to diet for our sample indicate statistically

significant differences in mass among diet types, irrespective of the model of evolution

assumed (Table 4.4).

Finally, although WHEEL (measurement technique using a wheel or a treadmill)

is found in the second-best model (Table 4.3), the significance level is not close to 0.05,

and the relative importance of this variable averaged across all models was only 0.247.

Therefore, we conclude that the variation in measurement technique does not have an

important effect on V
.
 O2max, with the caveat that wheel respirometers have thus far been

used only for mammals of relatively small body size (1 kg or less).
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Table 4.1 List of species for which we present new data on V
.
 O2max.

Name in Mesquite File Common Name Order Location

DL_Dromiciops_gliroides Monito del Monte Microbiotheria  Valdivia, Chile

ME_Mustela_erminea Short-tail Weasel Carnivora  Poland

MN_Mustela_nivalis Least Weasel Carnivora  Poland

OD_Octodon_degus Common Degu Rodentia  Chile

DC_Dasyprocta _cristata Agouti Rodentia  Brazil

HH_Hydrochaeris_hydrochaeris Capybara Rodentia  Brazil

TM_Tamias_minimus Least Chipmunk Rodentia  California, USA

AN_Ammospermophilus_leucurus Antelope Ground Squirrel Rodentia  California, USA

BY_Otospermophilus_beecheyi California Ground Squirrel Rodentia  California, USA

SL_Callospermophilus_lateralis Golden-mantled Ground Squirrel Rodentia  California, USA

PP_Perognathus_parvus Great Basin Pocket Mouse Rodentia  California, USA

PT_Chaetodipus_penicillatus Desert Pocket Mouse Rodentia  California, USA

DO_Dipodomys_ordii Ord's Kangaroo Rat Rodentia  California, USA

DM_Dipodomys_merriami Merriam's Kangaroo Rat Rodentia  California, USA

DS_Dipodomys_simulans Dulzura Kangaroo Rat Rodentia  California, USA

DP_Dipodomys_panamintinus Panamint Kangaroo Rat Rodentia  California, USA

RR_Rattus_rattus Black Rat Rodentia  California, USA

AF_Apodemus_flavicollis Yellow-necked Mouse Rodentia  Poland

A9_Apodemus_agrarius Stripe-backed Mouse Rodentia  Poland

LC_Lemmiscus_curtatus Sagebrush Vole Rodentia  California, USA

MO_Microtus_oeconomus Root Vole Rodentia  Poland

MA_Microtus_arvalis Common Vole Rodentia  Poland

MT_Microtus_montanus Montane Vole Rodentia  California, USA

SB_Urocitellus_beldingi Belding's Ground Squirrel Rodentia  California, USA
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Table 4.2 List of sources used to construct phylogeny.  Basic tree structure provided by

Meredith et al. (2011).

Order  Family    Source

Marsupialia    Meredith et al., 2008

Cetartiodactyla    Prothero and Ross, 2007

Carnivora    Bininda-Emonds et al., 2007

   Nyakatura and Bininda-Emonds, 2012

Carnivora  Canidae    Bardeleben et al., 2005

Rodentia    Veniaminova et al., 2007

   Churakov et al., 2010

   Sobrero et al., 2011

Rodentia  Sciuridae    Harrison et al., 2003

   Banbury and Spicer, 2007

   Helgen et al., 2009

Rodentia  Heteromyidae    Alexander and Riddle, 2005

   Hafner et al., 2007

Rodentia  Cricetidae    Robovsky et al., 2007

Rodentia  Muridae    Martin et al., 2000

   Michaeux et al., 2002

   Steppan et al., 2005

Rodentia  Cricetidae    Chaline and Graf, 1988
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Table 4.3. Three best statistical models (ranked by Akaike’s Information Criterion corrected for small sample size,

AICc; smaller is better) explaining interspecific variation in maximum rate of oxygen consumption in 77 “species”.

Log-transformed body mass was included in all models. WHEEL refers to the dummy variable coding for measurement

method (wheel or treadmill), whereas BAT, PRONG, and HORSE are dummy variables coding for species previously

known to deviate from allometry substantially (see methods). All three models were fitted with an Ornstein-Uhlenbeck

branch length tranformation (RegOU) with an estimation of the phylogenetic signal (d). Also shown are the Akaike

weight (wi) and the cumulative wi. Together, these three models accounted for 98% of the cumulative evidence.

Independent Variables Model

d

REML

Ln

Maximum

Likelihood AIC (ML) AICc (ML)

Mean

Squared

Error

S.E.

of the

Estimate

R
2
 for

Model

log Body Mass, BAT, RegOU 0.5157 37.57660 -61.15310 -59.5299 0.0237 0.1540 0.9615

PRONG, HORSE

log Body Mass, Wheel, RegOU 0.5240 37.79390 -59.58780 -57.4701 0.0239 0.1546 0.9613

BAT, PRONG, HORSE

log Body Mass, BAT, RegOU 0.6066 33.67920 -55.35850 -54.1585 0.0259 0.1608 0.9526

PRONG
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Table 4.3 continued…

Akaike

Weight (wi)

Cumulative

wi

Evidence

Ratio

Independent

Variable Coefficient S.E. F

Degrees

of

Freedom P

0.68735 0.69 1.0000 Y-intercept 1.2664 0.0796 253.01 1,72

Body Mass 0.8371 0.0213 1,548.85 1,72 1.9704 E-50

BAT 0.5232 0.1894 7.63 1,72 0.0073

PRONG 0.7273 0.1853 15.40 1,72 0.0002

HORSE 0.5045 0.1866 7.31 1,72 0.0086

0.24541 0.93 2.8008 Y-intercept 1.2429 0.0875 201.67 1,71

Body Mass 0.8425 0.0228 1,366.36 1,71 1.4565 E-48

Wheel 0.0316 0.0447 0.50 1,71 0.4822

BAT 0.5360 0.1920 7.79 1,71 0.0067

PRONG 0.7272 0.1868 15.16 1,71 0.0002

HORSE 0.4962 0.1882 6.95 1,71 0.0102

0.04686 0.98 14.6685 Y-intercept 1.2366 0.0921 180.20 1,73

Body Mass 0.8515 0.0226 1,415.84 1,73 1.5198 E-49

BAT 0.5235 0.2106 6.18 1,73 0.0152

PRONG 0.7043 0.2017 12.19 1,73 0.0008
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Table 4.4 ANOVA of body mass in relation to diet (coded in five categories).

Model

Type

d

REML

Ln

Maximum

Likelihood AIC (ML) AICc (ML)

Mean

Squared

Error

S.E.

of the

Estimate

R
2
 for

Model

F for

DIET1 with

4 and 72 d.f. P

OLS -129.5930 271.1850 272.3850 1.8136 1.3467 0.1455 3.0656 0.02169

PGLS -80.9650 173.9300 175.1300 0.5129 0.7161 0.1757 3.8354 0.00699

RegOU 1.0342 -80.9636 175.9270 177.5500 0.5134 0.7165 0.1767 3.8636 0.00671
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Figure 4.1 Phylogeny used for statistical analyses, with Pagel’s (1992) arbitrary brach

lengths.  See Table 4.2 for details of tree construction.
DSC
Order Clade2

Mesquite
Name

1 12 DL_Dromiciops_gliroides

2 12 MR_Macropus_rufus

3 12 BP_Bettongia_penicillata

4 11 CH_Capra_hircus

5 11 CZ_Capra_aegagrus_hircus

6 11 OA_Ovis_aries

7 11 CT_Connochaetes_taurinus

8 11 GG_Gazella_granti

9 11 MK_Madoqua_kirkii

10 11 KD_Kobus_defassa

11 11 NM_Neotragus_moschatus

12 11 TO_Taurotragus_oryx

13 11 BI_Bos_indicus

14 11 BM_Bos_taurus

15 11 AA_Antilocapra_americanus

16 10 TT_Tursiops_truncatus

17 9 SS_Sus_scrofa

18 8 PY_Panthera_leo

19 8 GT_Genetta_tigrina

20 8 HP_Helogale_pervula

21 8 MB_Mungos_mungo

22 8 PV_Phoca_vitulina_richardsi

23 8 MV_Mustela_vison

24 8 ME_Mustela_erminea

25 8 MN_Mustela_nivalis

26 8 TF_Vulpes_vulpes

27 8 CL_Canis_latrans

28 8 TW_Canis_lupus

29 8 CF_Canis_familiaris

30 7 EC_Equus_caballus

31 6 PH_Phyllostomus_hastatus

32 5 H1_Homo_sapiens_Zaire

33 5 HS_Homo_sapiens_European

34 5 H2_Homo_sapiens_Chinese

35 4 OC_Oryctolagus_cuniculus

36 3 OD_Octodon_degus

37 3 DC_Dasyprocta _cristata

38 3 CC_Cavia_cobaya

39 3 HH_Hydrochaeris_hydrochaeris

40 3 TS_Tamias_striatus

41 3 EM_Tamias_merriami

42 3 TM_Tamias_minimus

43 3 AN_Ammospermophilus_leucurus

44 3 BY_Otospermophilus_beecheyi

45 3 SL_Callospermophilus_lateralis

46 3 SB_Urocitellus_beldingi

47 3 ST_Ictidomys_tridecemlineatus

48 2 LS_Liomys_salvini

49 2 HD_Heteromys_desmarestianus

50 2 PP_Perognathus_parvus

51 2 PF_Chaetodipus_fallax

52 2 PT_Chaetodipus_penicillatus

53 2 MG_Microdipodops_megacephalus

54 2 DO_Dipodomys_ordii

55 2 DM_Dipodomys_merriami

56 2 DS_Dipodomys_simulans

57 2 DP_Dipodomys_panamintinus

58 1 PC_Pedetes_capensis

59 1 MU_Meriones_unguiculatus

60 1 RR_Rattus_rattus

61 1 RN_Rattus_norvegicus

62 1 NA_Notomys_alexis

63 1 MM_Mus_domesticus

64 1 MD_Mus_domesticus

65 1 AF_Apodemus_flavicollis

66 1 A9_Apodemus_agrarius

67 1 BT_Baiomys_taylori

68 1 PL_Peromyscus_leucopus

69 1 PM_Peromyscus_maniculatus_nebrascensis

70 1 P2_Peromyscus_maniculatus_rufinus

71 1 P3_Peromyscus_maniculatus_sonoriensis

72 1 CA_Mesocricetus_auratus

73 1 CG_Myodes_glareolus

74 1 LC_Lemmiscus_curtatus

75 1 MO_Microtus_oeconomus

76 1 MA_Microtus_arvalis

77 1 MT_Microtus_montanus
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Figure 4.2 Relationship between log10 body mass and log10 V
.
 O2max for the 77 “species”

used in these analyses with a conventional, OLS regression line fitted to the data points.
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CONCLUDING REMARKS

For decades, the energetics of locomotion have been intensively investigated from

functional, mechanical, ecological, and evolutionary perspectives (Bramble and

Lieberman, 2004; Reilly et al., 2007; Feder et al., 2010; Careau et al., 2012). Because of

the energetic expense and highly integrative nature of locomotion, studies often combine

costly stressors with activity levels to investigate trade-offs, energy allocation, and limits

to locomotion.  This dissertation provides evidence for a highly varied response and

enormous individual variation when individuals are faced with the simultaneous

challenges of locomotion and other stressors.  Organisms do not typically respond in an

all-or-none fashion, and indeed, we often see unexpected responses to stressors.

Given its potentially high energetic costs, locomotion itself is sometimes

considered to be a stressor.  Using mice with a unique mini-muscle phenotype that has

resulted from long-term selection for high voluntary wheel running behavior (Swallow et

al., 1998; Syme et al., 2005), we hypothesized a trade-off between sprinting performance

and cost of transport, or running efficiency (Chapter 1).  As predicted, mini-muscle mice

ran faster and farther on wheels and had reduced sprit speeds compared to mice with

‘normal’ (non-mini-muscle) phenotypes.  However, opposite of our predictions, mini-

muscle mice had a higher cost of transport compared to normal mice.  Despite the costs

of voluntary wheel running, our results indicated that selection for high voluntary running

may not be directly acting to increase running economy.

Again, considering the energetic costs associated with locomotion, we

hypothesized a trade-off between wheel running and immune function (Chapter 2).  In
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other words, mice selected for high voluntary wheel running are predicted to have a

reduced immune response and a decreased ability to fight a parasitic infection

(Trichinella spiralis).  As expected, voluntary wheel running and maximum aerobic

performance (V
.
 O2max) were decreased in infected mice.  However, despite reduced

antibody production and previously reported high corticosterone levels in mice selected

for high voluntary wheel running (Girard and Garland, 2002; Malisch et al., 2007; Downs

et al., 2012), these mice do not appear to have suffered a significant negative impact on

overall immune function (also see Downs et al., 2012).

The steroid hormone, corticosterone, is thought to be a main contributor to

regulation of glucose and energy metabolism in rodents.  Using California mice, we

tested the hypothesis that the individual variation in baseline corticosterone levels would

correlate with individual differences in locomotor behavior and performance, energy

expenditure, and morphology (Chapter 3).  Our results indicate that corticosterone levels

do not appear to be directly determining (or reflecting) voluntary activity or performance

in California mice and we found surprisingly few significant relationships between

corticosterone and measures of behavior, performance, or morphology.

To better understand the evolutionary history and implications of locomotor

performance, we compiled data for mammalian V
.
 O2max (Chapter 4) and used both

conventional and phylogenetically informed statistical methods to determine the effects

of hypothesized evolutionary relationships on the evolution of V
.
 O2max.  As expected,

V
.
 O2max is very strongly influenced by body mass.   It also shows high phylogenetic
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signal (the tendency for related species to resemble each other).  The best statistical

model incorporates phylogenetic information, includes body mass, and codes for three

species known to have high V
.
 O2max for their body mass (bat, pronghorn, and horse).

Diet type has little or no effect.  Lastly, we estimated the allometric V
.
 O2max scaling

exponent to be 0.839 (95% confidence intervals = 0.795-0.883), which agrees with recent

studies (Weibel et al., 2004; Weibel and Hoppeler, 2005; White and Seymour, 2005;

White et al., 2007, 2008) in that it does not support a scaling exponent of 0.67, 0.75, or 1.

This dissertation emphasizes the unpredictable nature of the interaction between

stressors and locomotion as well as the constraints that stressors place on locomotor

behavior and performance.  Additionally, these results emphasize the importance of

taking an integrative approach to studying genotype-by-environment interactions and the

evolutionary implications thereof.
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Appendix A

Table A.1. Summary of Pearson correlations in California mice.  All individual male or female correlations listed were

significant before FDR-corrections (alpha = 0.05); BOLD indicates significance after FDR-corrections (males pi0 = 0.658,

alpha = 0.002; females pi0 = 0.718, alpha = 0.004).  Residuals were taken with mass and age where necessary, and metabolic

measures were log10-transformed. See Table 3.1 for explanation of abbreviations.  Male and female correlation coefficients

were compared to examine significant differences between the sexes.

Table A.1 Males Females Comparison of Correlation Coefficients

p p z z Standard  p
Variables N r

(2-tailed)
N r

(2-tailed) (male) (female) Error z-test (2-tailed)

Vmax1; Vmax 17 0.929 <0.001 22 0.871 <0.001 1.651 1.337 0.352 0.891 0.37293

NBOUT; Run Time 17 0.866 <0.001 22 0.703 <0.001 1.317 0.873 0.352 1.260 0.20782

NBOUT; Distance Run 17 0.596 0.012 22 0.625 <0.001 0.687 0.733 0.352 -0.131 0.89553

Dry Carcass; Dry Brain 17 -0.482 0.050 22 -0.590 0.004 -0.526 -0.678 0.352 0.432 0.66591

iCOT; Vmax1 17 0.022 NS 22 -0.661 0.001 0.022 -0.795 0.352 2.318 0.02043

Log DEE; Distance Run 17 0.619 0.008 22 0.540 0.010 0.723 0.604 0.352 0.338 0.73499

Log DEE; Run Time 17 0.453 NS 22 0.534 0.010 0.488 0.596 0.352 -0.305 0.76074

Log DEE; MaxBOUT 17 -0.304 NS 22 0.426 0.048 -0.314 0.455 0.352 -2.180 0.02903

Log O2 (1 min); Distance Run 17 0.104 NS 22 0.488 0.021 0.104 0.533 0.352 -1.220 0.22317

Log O2 (1 min); Run Time 17 -0.083 NS 22 0.470 0.027 -0.083 0.510 0.352 -1.680 0.09212

Log O2 (1 min); DBOUT 17 0.280 NS 22 0.479 0.024 0.288 0.522 0.352 -0.664 0.50646

Log O2 (1 min); MaxBOUT 17 -0.094 NS 22 0.535 0.010 -0.094 0.597 0.352 -1.960 0.04965

Postural Cost; Distance Run 17 0.113 NS 22 0.455 0.034 0.113 0.491 0.352 -1.070 0.28382

Postural Cost; Run Time 17 -0.083 NS 22 0.504 0.017 -0.083 0.555 0.352 -1.810 0.07015

Intercept;  Run Time 17 -0.097 NS 22 0.423 0.050 -0.097 0.451 0.352 -1.560 0.11931

iCOT;  Run Time 17 -0.303 NS 22 -0.448 0.037 -0.313 -0.482 0.352 0.481 0.63060

Dry Liver; Dry Kidney 17 0.013 NS 22 0.547 0.008 0.013 0.614 0.352 -1.710 0.08790

Dry Spleen; Dry Kidney 17 0.333 NS 22 0.468 0.028 0.346 0.508 0.352 -0.458 0.64697

Dry Brain; Log BMR 17 0.299 NS 22 0.442 0.040 0.308 0.475 0.352 -0.472 0.63684

Log BMR; Log O2max 17 0.674 0.003 22  0.359 NS 0.818 0.376 0.352 1.256 0.20921

Log O2 (1 min); Vmax1 17 0.604 0.010 22  0.413 NS 0.699 0.439 0.352 0.739 0.46007

Log O2 (1 min); Log BMR 17 -0.645 0.005 22  0.381 NS -0.767 0.401 0.352 -3.320 0.00091
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Table A.1 continued… Males Females Comparison of Correlation Coefficients

Variables N r p N r p z z Standard  p

(2-tailed) (2-tailed) (male) (female) Error z-test (2-tailed)

Postural Cost; Log DEE 17 0.730 0.001 23 0.616 0.002 0.929 0.719 0.348 0.603 0.54638

Intercept; Log DEE 17 0.749 0.001 23 0.860 <0.001 0.971 1.293 0.348 -0.926 0.35446

Intercept; Postural Cost 17 0.981 <0.001 23 0.867 <0.001 2.323 1.321 0.348 2.877 0.00401

Log RMR; Log DEE 17 0.636 0.006 23 0.609 0.002 0.751 0.707 0.348 0.127 0.89930

Log DEE; Log O2 (1 min) 17 0.279 NS 23 0.715 <0.001 0.287 0.897 0.348 -1.750 0.07966

Log DEE; Dry Heart 17 0.141 NS 23 0.575 0.004 0.142 0.655 0.348 -1.470 0.14096

iCOT; Vmax 17 -0.051 NS 23 -0.704 <0.001 -0.051 -0.875 0.348 2.365 0.01803

iCOT; Postural Cost 17 -0.279 NS 23 -0.635 0.001 -0.287 -0.750 0.348 1.329 0.18381

Intercept; Dry Liver 17 0.211 NS 23 0.621 0.002 0.214 0.727 0.348 -1.470 0.14143

Dry Liver; Dry Spleen 17 0.230 NS 23 0.736 <0.001 0.234 0.942 0.348 -2.030 0.04232

Intercept; Log RMR 17 0.782 <0.001 23 0.439 0.036 1.050 0.471 0.348 1.663 0.09631

Age; Log DEE 17 0.153 NS 23 -0.428 0.041 0.154 -0.457 0.348 1.755 0.07921

Log DEE; NBOUT 17 0.237 NS 23 0.519 0.011 0.242 0.575 0.348 -0.957 0.33872

Log DEE; Log Vmax 17 0.308 NS 23 0.454 0.029 0.318 0.490 0.348 -0.492 0.62283

Log O2 (1 min); Log RMR 17 -0.052 NS 23 0.433 0.039 -0.052 0.464 0.348 -1.480 0.13895

Log O2 (1 min); Postural Cost 17 0.389 NS 23 0.488 0.018 0.411 0.533 0.348 -0.352 0.72451

Log O2 (1 min); Log O2max 17 -0.155 NS 23 0.422 0.035 -0.156 0.450 0.348 -1.740 0.08183

Log O2 (1 min); Dry Liver 17 -0.064 NS 23 0.464 0.026 -0.064 0.502 0.348 -1.630 0.10402

Log O2 (1 min); Dry Spleen 17 0.531 0.028 23 0.478 0.021 0.592 0.520 0.348 0.204 0.83822

Log O2 (1 min); Dry Reproductive 17 0.201 NS 23 -0.510 0.013 0.204 -0.563 0.348 2.200 0.02783

NBOUT; Postural Cost 17 -0.186 NS 23 0.557 0.006 -0.188 0.628 0.348 -2.340 0.01910

NBOUT; Intercept 17 -0.216 NS 23 0.483 0.020 -0.219 0.527 0.348 -2.140 0.03221

NBOUT; iCOT 17 -0.192 NS 23 -0.520 0.011 -0.194 -0.576 0.348 1.096 0.27307

Postural Cost; Dry Heart 17 0.282 NS 23 0.487 0.019 0.290 0.532 0.348 -0.695 0.48691

Intercept; iCOT 17 -0.335 NS 23 -0.450 0.031 -0.348 -0.485 0.348 0.391 0.69580

Intercept; Log O2max 17 0.186 NS 23 0.418 0.047 0.188 0.445 0.348 -0.738 0.46068

Intercept; Dry Heart 17 0.227 NS 23 0.558 0.006 0.231 0.630 0.348 -1.140 0.25232

Intercept; Dry Spleen 17 0.280 NS 23 0.422 0.045 0.288 0.450 0.348 -0.466 0.64110

Dry Heart; Dry Liver 17 0.177 NS 23 0.438 0.036 0.179 0.470 0.348 -0.835 0.40388

Dry Lung; Dry Brain 17 -0.209 NS 23 0.531 0.009 -0.212 0.592 0.348 -2.310 0.02109

Vmax; Mean Hematocrit 17 0.599 0.011 23 -0.116 NS 0.692 -0.117 0.348 2.319 0.02039
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Table A.1 continued… Males Females Comparison of Correlation Coefficients

Variables N r p N r p z z Standard  p

(2-tailed) (2-tailed) (male) (female) Error z-test (2-tailed)

Postural Cost; Log RMR 17 0.650 0.005 23  -0.044 NS 0.775 -0.044 0.348 2.351 0.01871

iCOT; Log RMR 17 -0.485 0.049 23  0.172 NS -0.530 0.174 0.348 -2.020 0.04358

Log O2max; Mean Hematocrit 17 0.522 0.031 23  0.280 NS 0.579 0.288 0.348 0.836 0.40302

Dry Spleen; Vmax1 17 0.504 0.039 23  -0.020 NS 0.555 -0.020 0.348 1.649 0.09913

Dry Repro; Dry Heart 17 0.491 0.045 23  -0.288 NS 0.537 -0.296 0.348 2.393 0.01673

Dry Repro; Dry Lung 17 0.663 0.004 23  -0.146 NS 0.798 -0.147 0.348 2.712 0.00668

Dry Brain; Housing 17 0.485 0.049 23  -0.257 NS 0.530 -0.263 0.348 2.274 0.02297

Dry Brain; Dry Liver 17 0.606 0.010 23  -0.010 NS 0.703 -0.010 0.348 2.045 0.04087

Run Time; Distance Run 17 0.874 <0.001 27 0.939 <0.001 1.350 1.730 0.336 -1.130 0.25880

DBOUT; Distance Run 17 0.512 0.036 27 0.547 0.003 0.565 0.614 0.336 -0.145 0.88497

DBOUT; MaxBOUT 17 0.541 0.025 27 0.685 <0.001 0.606 0.838 0.336 -0.693 0.48858

DBOUT; Vmax1 17 0.726 0.001 27 0.549 0.003 0.920 0.617 0.336 0.902 0.36717

Distance Run; MaxBOUT 17 0.018 NS 27 0.813 <0.001 0.018 1.136 0.336 -3.320 0.00089

Run Time; MaxBOUT 17 -0.109 NS 27 0.684 <0.001 -0.109 0.837 0.336 -2.810 0.00491

Distance Run; Vmax1 17 0.068 NS 27 0.387 0.046 0.068 0.408 0.336 -1.010 0.31178

Run Time; DBOUT 17 0.267 NS 27 0.456 0.017 0.274 0.492 0.336 -0.650 0.51564

Vmax1; MaxBOUT 17 0.237 NS 27 0.501 0.008 0.242 0.551 0.336 -0.919 0.35811

Log BMR; Dry Musculoskeletal 17 0.247 NS 27 0.390 0.045 0.252 0.412 0.336 -0.475 0.63512

DBOUT; Mean Hematocrit 17 0.671 0.003 27  -0.163 NS 0.813 -0.164 0.336 2.905 0.00367

Log BMR; Housing 17 0.573 0.016 27  -0.099 NS 0.652 -0.099 0.336 2.234 0.02548

Dry Kidney; MaxBOUT 17 -0.584 0.012 27  0.023 NS -0.669 0.023 0.336 -2.060 0.03976

Age; Mean Hematocrit 23 -0.164 NS 29 -0.453 0.014 -0.165 -0.488 0.297 1.086 0.27752

Dry Kidney; Dry Gut 25 0.670 <0.001 27 0.144 NS 0.811 0.145 0.295 2.255 0.02410

Age; Log Mass 25 0.463 0.020 29 0.487 0.007 0.501 0.532 0.290 -0.107 0.91479
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Table A.2. Comparison of Pearson correlation coefficients involving baseline plasma CORT concentrations in

California mice.  Comparison of correlation coefficients as seen in Table 3.3.

Males Females Comparison of Correlation Coefficients

p p z z Standard  p
Variables  N r

(2-tailed)
N r

(2-tailed) (male) (female) Error z-test (2-tailed)

CORTAM; Log VO2max 17 -0.148 NS 23 -0.648 0.001 -0.149 -0.772 0.348 1.787 0.07392

Delta CORT; Distance Run 17 -0.719 0.001 26 0.201 NS -0.906 0.204 0.339 -3.27 0.00107

Delta CORT; Run Time 17 -0.637 0.006 26 0.265 NS -0.753 0.271 0.339 -3.02 0.00251

Delta CORT; DBOUT 17 -0.544 0.024 26 0.051 NS -0.61 0.051 0.339 -1.95 0.05123

CORTPM; Distance Run 17 -0.706 0.002 27 0.179 NS -0.879 0.181 0.336 -3.15 0.00162

CORTPM; Run Time 17 -0.603 0.01 27 0.236 NS -0.698 0.241 0.336 -2.79 0.00527

CORTPM; DBOUT 17 -0.562 0.019 27 -0.033 NS -0.636 -0.033 0.336 -1.79 0.07309

Delta CORT; Dry Kidney 22 0.451 0.035 26 -0.051 NS 0.486 -0.051 0.31 1.732 0.08324

Delta Cort; CORTPM 22 0.985 <0.001 28 0.945 <0.001 2.443 1.783 0.304 2.168 0.03016

CORTAM; Dry Gut 23 0.55 0.007 26 -0.192 NS 0.618 -0.194 0.306 2.658 0.00785
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Appendix B

Figure B.1 Schematic drawing of the treadmill respirometry setup used for V
.
 O2max measurements presented in Chapter 2.
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Appendix C

ACTIVITY ANOREXIA

INTRODUCTION

Human anorexia nervosa is an eating disorder associated with a long list of

psychiatric and physiological criteria used for diagnosis, including endocrine

dysfunction and behavioral hyperactivity (Berkman et al., 2007; Klump et al., 2009).

Anorexia is a complex disorder, which is thought to be the result of interaction

between psychosocial and genetic risk factors (Thornton et al., 2011).  Although

anorexia is seen in men and women of all ages, it is most prevalent among young

women and it is thought to be about 60% heritable.  In cases of human anorexia, it

can be incredibly difficult to tease apart the effects of anorexia versus the effects of

starvation, per se (Casper, 1998).  Behavioral patterns associated with anorexia often

include a self-perpetuating cycle of decreased food intake leading to increased

exercise, which further reduces food intake (Klenotich and Dulawa, 2012).

Many studies (beginning with Hall et al., 1953) have used rodent models to

investigate the combination of running-wheel access and food restriction that results

in decreased body mass, decreased food intake, and increased wheel running.  This

phenomenon, termed "activity anorexia," has been proposed as an animal model for

human "anorexia nervosa."  It has been further argued that many cases of human

anorexia nervosa reflect activity anorexia (Kas et al., 2008).

Many potential proximate and/or ultimate explanations (e.g. thermoregulatory,

endocrine, opiod, famine response, etc.) have been proposed for anorexigenic
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behavior, and although the mechanisms underlying activity anorexia remain largely

unknown, mice selectively bred for high voluntary wheel running (Swallow et al.,

1998) may prove to be a useful animal model in the study of activity anorexia.

Previous studies have suggested addictive, compulsive, and hyperactive behavior in

these mice (Rhodes et al., 2005; Mathes et al., 2010; Garland et al., 2011).  And, as

they run voluntarily on wheels at much higher levels than "normal" mice (those from

four non-selected control lines and also other strains of mice for which wheel-running

data are available [e.g., see Careau et al., 2012]), we hypothesized that they would

lose body mass more rapidly under food restriction regimens, i.e., be more susceptible

to activity anorexia.

METHODS

Using mice (Mus domesticus) from generation 52 of the long-term selection

experiment for high voluntary wheel running (Swallow et al., 1998), we closely followed

the methods of Gelegen et al. (2007) in an attempt to model activity anorexia with severe

food restriction.  192 mice were split into 2 batches.  Each batch contained 96 mice (12

mice from each line, 6 male and 6 female).

Batch 1

When the experiment began (5 Feb 2008), Batch 1 (96 mice) was placed in

standard housing cages with a running wheel attached (1.12 m circumference, same as

used in the selection experiment) with ad lib food and water for three days for an
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acclimation period.  Previous studies with these mice have shown that three days is not

enough time for wheel running activity to plateau.  Wheel running generally continues to

increase for about the first 2-3 weeks of wheel access.  However, in an attempt to closely

follow the methods of Gelegan et al. (2007), we only allowed mice three days of

acclimation to wheels.  Days were defined from the beginning of a dark cycle (7 pm) to

the beginning of the next dark cycle, with a 12L:12D cycle.  Data were downloaded from

the computers every day at 5:30 pm and recording began again at 7 pm so that the entire

dark cycle was included from each night.  After the 3 day adaptation period, all 96 mice

went thought a 5 day baseline period with ad lib food and water, during which time food

mass and mouse mass were recorded at 6 pm each night.  All masses were recorded

before the beginning of the dark cycle to minimize disruption to their most active time

(~first 2 hours of dark cycle; e.g., see Malisch et al., 2009).  On the final day of the

baseline period, 48 mice were dissected starting at 1 pm.  The remaining 48 mice began

the restriction phase.  The restricted phase was five nights long and the mice had ad lib

water throughout.  For the first two nights of restriction, mice were given access to food

for only the first 2 hours of the dark cycle (7 pm – 9 pm).  Food mass and body mass

were recorded at the start and end of food access each night.  After the first 2 days, most

mice had lost considerable body mass.  Our original protocol specified that mice losing

more than 30% of their original mass would be sacrificed or given ad lib food.  None of

the mice lost 30% of their body mass, but because we did not anticipate such a dramatic

mass loss after the first two restriction nights, we increased food access to three hours (7

pm - 10 pm) on night 3 of restriction.  Nevertheless, by night four most of the mice were
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very weak and a total of eight mice had died throughout the restriction.  The remaining

mice were euthenized (but not dissected).

Batch 2

Mice in Batch 2 (n=96) were split into two groups to facilitate dissections (Batch

2a n=48; Batch 2b n=48).  Batch 2a began the acclimation period on 21 Feb 2008 for

three days with ad lib food and water, and Batch 2b began the acclimation period on 22

Feb 2008.  Two mice from Batch 2a died for unknown reasons during the first night.

After the acclimation period, all mice (n=94) started the baseline period with ad lib food

and water.  Food masses and body masses were recorded every night at 6 pm.  Because

we already had baseline dissection data from Batch 1, all mice in Batch 2 went through

the five-day restriction phase.  For Batch 2 restriction, the mice were given food during

the first two hours of the dark cycle (7 pm – 9 pm) and during the first two hours of the

light cycle (7 am – 9 am).  Food mass and body mass were recorded at 7 pm, 9 pm, 7 am,

and 9 am.

Dissections

Batch 1 baseline dissections began at 1 pm on 13 Feb 2008.  Batch 2a restriction

dissections started at 10 am on 7 March 2008, and Batch 2b restriction dissection started

at 10 am on 8 March 2008.  None of the restriction mice were given food the morning of

their dissections.  The mice were taken off wheels and decapitated within 30 seconds to

avoid fast-acting changes in leptin levels.  Blood was taken for leptin assays using EDTA
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as an anti-coagulant (because Heparin may interfere with leptin samples).  The left and

right hypothalamus were immediately dissected out of each brain and weighed.  We also

dissected and weighed heart, viceral retroperitoneal fat pads (Cinti, 2005), and liver from

each mouse, and triceps surae muscles from line 6 mice to determine if they had the mini-

muscle phenotype.  All remaining parts of the mouse were kept with the carcass, stored

on dry ice until dissections were complete, and then samples were stored in a –80
o
F

freezer.  Blood samples were centrifuged and plasma was removed from the samples and

stored at –80
o
F with the rest of the mouse dissection samples for potential future

analyses.

Final Data Files on Theodore Garland, Jr's. Computer

In this folder:

C:\SELECT\g52\Anorexia

Wheel running, body mass, and food consumption data (as well as dissection data for

Batch 1) are merged into Batch1_FINAL2.sav and Batch2_FINAL5.sav.

CONCLUSIONS

This experiment attempted to replicate the methods of Gelegen et al. (2007) in

an attempt to model activity anorexia with severe food restriction.  However, mice

lost a large percentage of their body mass very quickly and appeared to be very weak.

Mice were seemingly unable to decrease their voluntary wheel running in accordance

with their decreased food consumption.  Anecdotally, many of the mice appeared to
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be very weak and, even during the brief time period when food was provided, many

of the mice chose to run rather than eat.  In this sense, these mice appear to be a good

rodent model of activity anorexia.  However, future studies need to slow down the

progression between a "normal, healthy" state and a "starving, exercised-obsessed"

state.

Future attempts to implement this protocol should be more gradual.  One

possible protocol may involve removing food for two or three hour periods initially

until mice are accostomed to extended periods without food.  Additionally, future

experiments with these mice should allow them to reach a plateau in their wheel

running before any severe diet restriction is imposed.  Conversely, moderate diet

restriction could be imposed before mice are introduced to wheels.  Either way, it

seems that mice should not be provided initial wheel access simultaneous to

beginning severe food restriction.

More recent studies with these mice (done by Ivana Fonseca and colleagues)

have tested other food restriction protocols.  In these more recent experiments, wheel

running plateaued (after about 2.5 weeks) before food restriction was started, and

food restriction was more gradual.  After mice were accustumed to ad lib food and

wheel running, food was restricted by 20% for one week (i.e., mice received 80% of

their normal ad lib food) followed by a week of 40% food restriction (60% of ad lib

food).  With these procedures, mice did not lose body mass to the point of

unhealthiness (i.e., they did not lose >30% of their initial body mass, with rare

exception).  Although this protocol does not exactly address the issue of activity
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anorexia -- because food consumption is not decreasing as wheel running is

increasing, and mice have access to food over an extgended period of time, such that

they can choose to eat as much as they want until they run out – it does suggest that a

more gradual protocol may allow the mice to stabilize or, at the very least, slow the

progression from a "normal" to an "unhealthy" state.
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Appendix D

ANALYSIS OF ENERGETICS OF VOLUNTARY ACTIVITY

Warthog Voluntary Wheel Running Analyses

Use Warthog software (www.warthog.ucr.edu).  Save frequently.

Oxygen Channel

Duplicate the channel

Baseline the new oxygen channel (BsLn) - select Automatic (period)

Remove references (RmRf) - approximately 20 extra cases on the right and the left

Remove spikes from the data (Spk) - select ‘Data Linearizing Mode’

Smooth the file (Smth) - approximately 5 samples and 6 cycles

Change the file from % Oxygen to ml/min Oxygen – instantaneous corrections are

applicable here

Carbon Dioxide Channel

Duplicate the CO2 channel

Baseline (Automatic)

Remove references

Smooth

Change from %CO2 to ml/min CO2

Wheel Running Channel

Duplicate the wheel speed channel.

Baseline the channel (multiple points).

Transform the wheel running data (Trfm) - transform it to ‘absolute value’.
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Transform again - use a+b*(channelX ^ exp) where b = 1.12 (this is the circumference of

the wheel), units should be m/min.

Remove the references - set the downward limit to 0.5 m/min to remove electrical noise

Lag Correction

Adjust the O2 and CO2 channels to line up with the wheel running file.  And then, the O2

and CO2 files should both be adjusted to the wheel running file.  Depending on length of

tubing, etc. lag correction may be around 20-40 second for the CO2 and about twice that

for the O2 channel.

Overlap (Ovl) the channels to be sure that they line up well.

Common Variables

Ambient Temperature = average of temperature channel

DEE = use average function; daily average O2 and CO2 (rough measure of energy

expenditure)

RMR = use minimum function; find lowest O2 and CO2 5 minutes (300 sec) and 10

minutes (600 seconds)

VO2 and VCO2 = use maximum function; find max O2 and O2 consumption (for 1, 2, and

5 minutes)

Distance = ! wheel speed

Run Time = analyze time integration greater than (1.12 x 0.5 = 0.56)

Vmax = use maximum function; wheel running speed (overall maximum and 1,2, and 5

min maximum)

Nbouts, Dbouts, MaxBouts, slope, intercept, etc. can also be calculated.
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Appendix E

Table E.1 Full data table used for Mammalian V
.
 O2max analyses (Chapter 4).  DSC

Order and Mesquite Name agree with the order and names of tips seen on the phylogeny

used (Figure 4.1).   Clade2 splits the tree into 12 major clades.  Diet1 dummy codes the

data for 1 = carnivore, 2 = herbivore, 3 = omnivore, 4 = insectivore, and 5 = piscivore.

Wheel variable dummy codes data for 0 = traditional/treadmill methods and 1 = wheel

respirometry methods.

DSC

Order
Mesquite Name Common Name Clade2 Diet1

1 DL_Dromiciops_gliroides Monito del Monte 12 4

2 MR_Macropus_rufus Red Kangaroo 12 2

3 BP_Bettongia_penicillata Rat Kangaroo 12 2

4 CH_Capra_hircus African Goat 11 2

5 CZ_Capra_aegagrus_hircus Domesticated Goat 11 2

6 OA_Ovis_aries African Sheep 11 2

7 CT_Connochaetes_taurinus Wildebeast 11 2

8 GG_Gazella_granti Grant's Gazelle 11 2

9 MK_Madoqua_kirkii Dik Dik 11 2

10 KD_Kobus_defassa Waterbuck 11 2

11 NM_Neotragus_moschatus Suni 11 2

12 TO_Taurotragus_oryx Eland 11 2

13 BI_Bos_indicus Zebu cattle 11 2

14 BM_Bos_taurus Steer 11 2

15 AA_Antilocapra_americanus Pronghorn 11 2

16 TT_Tursiops_truncatus Bottlenose Dolphin 10 5

17 SS_Sus_scrofa Pig 9 2

18 PY_Panthera_leo Lion 8 1

19 GT_Genetta_tigrina Genet 8 1

20 HP_Helogale_pervula Dwarf Mongoose 8 3

21 MB_Mungos_mungo Banded Mongoose 8 3

22 PV_Phoca_vitulina_richardsi Harbor seals 8 1

23 MV_Mustela_vison North American Mink 8 3

24 ME_Mustela_erminea Short-tail Weasel 8 1

25 MN_Mustela_nivalis Least Weasel 8 1

26 TF_Vulpes_vulpes Fox 8 1

27 CL_Canis_latrans Coyote 8 1

28 TW_Canis_lupus Wolf 8 1

29 CF_Canis_familiaris Dog 8 1

30 EC_Equus_caballus Horse 7 2

31 PH_Phyllostomus_hastatus Spear-nosed Bat 6 3

32 H1_Homo_sapiens_Zaire Human (Twa Tribe Zaire) 5 3

33 HS_Homo_sapiens_European Human (European) 5 3

34 H2_Homo_sapiens_Chinese Human (Chinese) 5 3
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Table E.1 continued…

DSC

Order Mass (g)

V
.
 O2max

(ml O2/hr) Wheel Reference

1 24.58 294.26 1 This study

2 28,500.00 304,380.00 0 Dawson et al. 2004

3 1,100.00 11,664.00 0 Seeherman et al. 1981

4 21,150.00 65,880.00 0 Taylor et al. 1980

5 18,900.00 60,102.00 0 Schaeffer et al. 2001

6 22,650.00 63,000.00 0 Taylor et al. 1980

7 98,000.00 261,360.00 0 Taylor et al. 1980

8 11,200.00 36,000.00 0 Taylor et al. 1980

9 4,354.00 14,220.00 0 Taylor et al. 1980

10 114,000.00 323,280.00 0 Taylor et al. 1980

11 3,500.00 20,232.00 0 Taylor et al. 1980

12 217,000.00 471,600.00 0 Taylor et al. 1980

13 207,000.00 357,480.00 0 Taylor et al. 1980

14 475,250.00 1,459,179.00 0 Kayar et al. 1989

15 32,000.00 576,000.00 0 Lindstedt et al. 1991

16 192,000.00 338,803.00 0 Williams et al. 1993

17 18,500.00 103,680.00 0 Seeherman et al. 1981

18 30,000.00 108,000.00 0 Seeherman et al. 1981

19 1,458.00 9,288.00 0 Taylor et al. 1980

20 583.00 4,464.00 0 Taylor et al. 1980

21 1,151.00 8,399.99 0 Taylor et al. 1980

22 25,000.00 49,200.00 0 Elsner and Ashwell-Erikson 1982

23 686.00 5,642.00 0 Williams, 1983

24 42.30 749.00 1 This study

25 91.63 1,492.80 1 This study

26 4,610.00 50,364.00 0 Weibel et al. 1983

27 12,400.00 136,998.00 0 Weibel et al. 1983

28 27,550.00 258,624.00 0 Weibel et al. 1983

29 21,000.00 199,440.00 0 Seeherman et al. 1981

30 446,250.00 3,630,267.00 0 Kayar et al. 1989

31 101.00 2,939.10 0 Thomas and Suthers 1972

32 51,440.00 124,872.00 0 Hiernaux and Ghesquiere 1981

33 68,922.00 253,782.00 0 Hoppeler et al. 1973

34 64,300.00 152,391.00 0 Ong 1993
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Table E.1 continued…

DSC

Order
Mesquite Name Common Name Clade2 Diet1

35 OC_Oryctolagus_cuniculus New Zealand White Rabbit 4 2

36 OD_Octodon_degus Common Degu 3 2

37 DC_Dasyprocta _cristata Agouti 3 2

38 CC_Cavia_cobaya Guinea Pig 3 2

39 HH_Hydrochaeris_hydrochaeris Capybara 3 2

40 TS_Tamias_striatus Eastern Chipmunk 3 3

41 EM_Tamias_merriami Merriam's Chipmunk 3 2

42 TM_Tamias_minimus Least Chipmunk 3 3

43 AN_Ammospermophilus_leucurus Antelope Ground Squirrel 3 3

44 BY_Otospermophilus_beecheyi California Ground Squirrel 3 3

45 SL_Callospermophilus_lateralis Golden-mantled Ground Squirrel 3 3

46 SB_Urocitellus_beldingi Belding's Ground Squirrel 3 3

47 ST_Ictidomys_tridecemlineatus 13-lined Ground squirrel 3 3

48 LS_Liomys_salvini Spiny Pocket Mouse 2 2

49 HD_Heteromys_desmarestianus Spiny Pocket Mouse 2 2

50 PP_Perognathus_parvus Great Basin Pocket Mouse 2 2

51 PF_Chaetodipus_fallax San Diego Pocket Mouse 2 2

52 PT_Chaetodipus_penicillatus Desert Pocket Mouse 2 2

53 MG_Microdipodops_megacephalus Kangaroo Mouse 2 2

54 DO_Dipodomys_ordii Ord's Kangaroo Rat 2 2

55 DM_Dipodomys_merriami Merriam's Kangaroo Rat 2 2

56 DS_Dipodomys_simulans Dulzura Kangaroo Rat 2 2

57 DP_Dipodomys_panamintinus Panamint Kangaroo Rat 2 2

58 PC_Pedetes_capensis Spring Hare 1 2

59 MU_Meriones_unguiculatus Gerbil 1 2

60 RR_Rattus_rattus Black Rat 1 3

61 RN_Rattus_norvegicus Norway Rat 1 3

62 NA_Notomys_alexis Hopping Mice 1 3

63 MM_Mus_domesticus House Mouse (Wild Wisconsin) 1 3

64 MD_Mus_domesticus House Mouse (Outbred Hsd:ICR) 1 2

65 AF_Apodemus_flavicollis Yellow-necked Mouse 1 3

66 A9_Apodemus_agrarius Stripe-backed Mouse 1 3

67 BT_Baiomys_taylori Pygmy Mice 1 2

68 PL_Peromyscus_leucopus White-footed Mouse 1 3

69 PM_Peromyscus_maniculatus_nebrascensis Deer Mouse 1 3

70 P2_Peromyscus_maniculatus_rufinus Deer Mouse 1 3

71 P3_Peromyscus_maniculatus_sonoriensis Deer Mouse 1 3

72 CA_Mesocricetus_auratus Hamster 1 3

73 CG_Myodes_glareolus Bank Vole 1 3

74 LC_Lemmiscus_curtatus Sagebrush Vole 1 2

75 MO_Microtus_oeconomus Root Vole 1 2

76 MA_Microtus_arvalis Common Vole 1 2

77 MT_Microtus_montanus Montane Vole 1 2
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Table E.1 continued…

DSC

Order
Mass (g) V

.
 O2max

(ml O2/hr)

Wheel Reference

35 3,500.00 7,518.00 0 Gaustad et al. 2010

36 140.00 549.60 1 This study

37 3,720.00 20,503.15 0 This study

38 879.00 3,264.61 0 Pasquis et al. 1970

39 48,300.00 71,638.56 0 This study

40 90.20 1,288.80 0 Seeherman et al. 1981

41 75.00 444.75 0 Wunder 1970

42 30.90 421.00 1 This study

43 103.21 863.83 1 This study

44 717.00 4,830.80 1 This study

45 133.70 1,089.00 1 This study

46 312.00 1,732.80 1 This study; Chappell et al. 1995

47 188.90 887.80 0 Lutton and Hudson 1980

48 52.80 309.00 0 MacMillen and Hinds 1992

49 83.00 516.00 0 MacMillen and Hinds 1992

50 20.61 236.40 1 This study

51 19.90 218.40 0 MacMillen and Hinds 1992

52 19.89 197.66 1 This study

53 13.50 178.20 0 MacMillen and Hinds 1992

54 39.70 319.71 1 This study

55 34.82 287.12 1 This study

56 57.41 394.62 1 This study

57 72.63 525.00 1 This study

58 3,000.00 17,460.00 0 Seeherman et al. 1981

59 67.80 649.20 0 Chappell et al. 2007

60 138.82 905.87 1 This study

61 205.00 1,188.00 0 Seeherman et al. 1981

62 33.00 252.00 0 White et al. 2006

63 12.47 212.50 0 Dohm et al. 1994

64 21.68 249.40 0 Dohm et al. 1994

65 34.61 539.73 1 This study

66 23.27 274.06 1 This study

67 7.20 113.04 0 Seeherman et al. 1981

68 27.50 294.30 0 Segrem and Hart 1967

69 25.21 305.10 0 Chappell and Snyder 1984; Chappell et al. 1988

70 23.43 251.70 0 Chappell and Snyder 1984; Chappell et al. 1988

71 21.54 233.04 0 Chappell and Snyder 1984; Chappell et al. 1988

72 103.00 565.47 0 Pasquis et al. 1970

73 22.67 318.60 0 Sadowska 2009

74 19.10 173.00 1 This study

75 37.86 428.88 1 This study

76 23.10 413.40 1 This study

77 38.41 369.20 1 This study
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Table E.2 All models from mammalian V
.
 O2max analyses (Chapter 4).  In all models, body mass and V

.
 O2max are log10-

transformed.  Variables are ranked according to AICc (smaller is better).  Cumulative weights summed across all models in

bold.

Independent Variable(s) Model
NumX

Vars

d

REML

Slope

Mass

Slope

S.E.
lnMLike AIC (ML) AICc (ML)

Body Mass, BAT, PRONG, HORSE RegOU 5 0.5157 0.8371 0.0213 37.5766 -61.1531 -59.5299

Body Mass, Wheel, BAT, PRONG, HORSE RegOU 6 0.5240 0.8425 0.0228 37.7939 -59.5878 -57.4701

Body Mass, BAT, PRONG RegOU 4 0.6066 0.8515 0.0226 33.6792 -55.3585 -54.1585

Body Mass, PRONG RegOU 3 0.7055 0.8431 0.0241 30.3822 -50.7643 -49.9192

Body Mass, BAT, PRONG, HORSE PGLS 4 0.8425 0.0258 31.1796 -50.3592 -49.1592

Body Mass, Diet1, BAT, PRONG RegOU 8 0.7120 0.8471 0.0258 35.8873 -51.7747 -48.4413

Body Mass, Wheel, BAT, PRONG, HORSE PGLS 5 0.8506 0.0270 31.7400 -49.4801 -47.8569

Body Mass, BAT, PRONG PGLS 3 0.8534 0.0256 29.3148 -48.6295 -47.7844

Body Mass, PRONG PGLS 2 0.8474 0.0257 27.9230 -47.8460 -47.2904

Body Mass, Diet1, PRONG RegOU 7 0.8095 0.8378 0.0267 33.5224 -49.0448 -46.3582

Body Mass, Diet1, PRONG PGLS 6 0.8361 0.0275 32.1150 -48.2301 -46.1124

Body Mass, Diet1, BAT, PRONG PGLS 7 0.8411 0.0277 33.0188 -48.0375 -45.3509

Body Mass PGLS 1 0.8485 0.0267 24.3846 -42.7692 -42.4405

Body Mass RegOU 2 0.8133 0.8470 0.0261 25.4363 -42.8725 -42.3170

Body Mass, Diet1 PGLS 5 0.8381 0.0287 28.4292 -42.8584 -41.2352

Body Mass, Diet1 RegOU 6 0.9248 0.8390 0.0285 28.7867 -41.5734 -39.4558

Body Mass, BAT, PRONG, HORSE OLS 4 0.8428 0.0151 25.7400 -39.4800 -38.2800

Body Mass, Diet1, BAT, PRONG OLS 7 0.8487 0.0155 28.8936 -39.7872 -37.1006

Body Mass, Wheel, BAT, PRONG, HORSE OLS 5 0.8426 0.0174 25.7404 -37.4808 -35.8576

Body Mass, Clade2 RegOU 13 0.9185 0.8460 0.0298 36.5863 -43.1725 -35.3037

Body Mass, Clade2 OLS 12 0.8302 0.0285 34.2124 -40.4249 -33.6507

Body Mass, BAT, PRONG OLS 3 0.8531 0.0154 21.4065 -32.8130 -31.9679

Body Mass, Diet1, PRONG OLS 6 0.8476 0.0163 24.3559 -32.7119 -30.5942

Body Mass, PRONG OLS 2 0.8503 0.0160 17.5739 -27.1477 -26.5922

Body Mass, Clade2 PGLS 12 0.8470 0.0298 29.0773 -30.1545 -23.3803

Body Mass, Diet1 OLS 5 0.8561 0.0177 16.8928 -19.7857 -18.1625

Body Mass OLS 1 0.8578 0.0170 11.9433 -17.8866 -17.5579
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Table E.2 continued…

MSE

S.E.

Of

Estimate

R
2

For

Model

wi acc (wi) ER
weight

Mb

weight

Mb

S.E.

Body

Mass
WHEEL DIET1 BAT PRONG HORSE CLADE2

0.0237 0.1540 0.9615 0.6874 0.6874 1.00 0.5754 0.0147 1 0 0 1 1 1 0

0.0239 0.1546 0.9613 0.2454 0.9328 2.80 0.2068 0.0056 1 1 0 1 1 1 0

0.0259 0.1608 0.9526 0.0469 0.9796 14.67 0.0399 0.0012 1 0 0 1 1 0 0

0.0278 0.1666 0.9442 0.0056 0.9853 122.16 0.0047 0.0001 1 0 0 0 1 0 0

0.0279 0.1669 0.9421 0.0038 0.9891 178.64 0.0032 0.0001 1 0 0 1 1 1 0

0.0260 0.1612 0.9511 0.0027 0.9918 255.78 0.0023 0.0001 1 0 1 1 1 0 0

0.0278 0.1669 0.9429 0.0020 0.9938 342.58 0.0017 0.0001 1 1 0 1 1 1 0

0.0288 0.1698 0.9392 0.0019 0.9957 355.22 0.0017 0.0001 1 0 0 1 1 0 0

0.0295 0.1718 0.9370 0.0015 0.9972 454.75 0.0013 0.0000 1 0 0 0 1 0 0

0.0271 0.1646 0.9461 0.0009 0.9982 724.77 0.0008 0.0000 1 0 1 0 1 0 0

0.0280 0.1672 0.9435 0.0008 0.9990 819.55 0.0007 0.0000 1 0 1 0 1 0 0

0.0277 0.1665 0.9448 0.0006 0.9996 1,199.31 0.0005 0.0000 1 0 1 1 1 0 0

0.0319 0.1786 0.9309 0.0001 0.9997 5,139.44 0.0001 0.0000 1 0 0 0 0 0 0

0.0311 0.1764 0.9336 0.0001 0.9999 5,466.81 0.0001 0.0000 1 0 0 0 0 0 0

0.0303 0.1742 0.9378 0.0001 0.9999 9,389.53 0.0001 0.0000 1 0 1 0 0 0 0

0.0301 0.1736 0.9381 0.0000 1.0000 22,857.85 0.0000 0.0000 1 0 1 0 0 0 0

0.0321 0.1791 0.9800 0.0000 1.0000 41,148.80 0.0000 0.0000 1 0 0 1 1 1 0

0.0308 0.1756 0.9816 0.0000 1.0000 74,209.69 0.0000 0.0000 1 0 1 1 1 0 0

0.0325 0.1804 0.9800 0.0000 1.0000 138,157.55 0.0000 0.0000 1 1 0 1 1 1 0

0.0320 0.1789 0.9408 0.0000 1.0000 182,243.69 0.0000 0.0000 1 0 0 0 0 0 1

0.0290 0.1702 0.9840 0.0000 1.0000 416,482.62 0.0000 0.0000 1 0 0 0 0 0 1

0.0354 0.1882 0.9777 0.0000 1.0000 966,078.14 0.0000 0.0000 1 0 0 1 1 0 0

0.0342 0.1850 0.9793 0.0000 1.0000 1,920,027.37 0.0000 0.0000 1 0 1 0 1 0 0

0.0386 0.1965 0.9753 0.0000 1.0000 14,201,384.25 0.0000 0.0000 1 0 0 0 1 0 0

0.0331 0.1819 0.9388 0.0000 1.0000 70,759,686.73 0.0000 0.0000 1 0 0 0 0 0 1

0.0409 0.2023 0.9749 0.0000 1.0000 961,206,669.00 0.0000 0.0000 1 0 1 0 0 0 0

0.0441 0.2099 0.9714 0.0000 1.0000 1,300,480,957.11 0.0000 0.0000 1 0 0 0 0 0 0

0.8393 0.0221
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Table E.2 continued…

Weight

Mass

Weight

WHEEL

Weight

DIET1

Weight

BAT

Weight

PRONG

Weight

HORSE

Weight

CLADE2

0.6874 0.0000 0.0000 0.6874 0.6874 0.6874 0.0000000000

0.2454 0.2454 0.0000 0.2454 0.2454 0.2454 0.0000000000

0.0469 0.0000 0.0000 0.0469 0.0469 0.0000 0.0000000000

0.0056 0.0000 0.0000 0.0000 0.0056 0.0000 0.0000000000

0.0038 0.0000 0.0000 0.0038 0.0038 0.0038 0.0000000000

0.0027 0.0000 0.0027 0.0027 0.0027 0.0000 0.0000000000

0.0020 0.0020 0.0000 0.0020 0.0020 0.0020 0.0000000000

0.0019 0.0000 0.0000 0.0019 0.0019 0.0000 0.0000000000

0.0015 0.0000 0.0000 0.0000 0.0015 0.0000 0.0000000000

0.0009 0.0000 0.0009 0.0000 0.0009 0.0000 0.0000000000

0.0008 0.0000 0.0008 0.0000 0.0008 0.0000 0.0000000000

0.0006 0.0000 0.0006 0.0006 0.0006 0.0000 0.0000000000

0.0001 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000000000

0.0001 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000000000

0.0001 0.0000 0.0001 0.0000 0.0000 0.0000 0.0000000000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000000000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000000000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000000000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000000000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000037716

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000016504

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000000000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000000000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000000000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000000097

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000000000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000000000

1.0000 0.2474 0.0052 0.9907 0.9996 0.9386 0.0000054317




